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c a l / m o l e 
2 / cm / s . 
2 / cm / s 
2 / cm / s 
thickness of the sample cm 
G 
loca l f r i c t i o n c o e f f i c i e n t — w — 
P u 2 s 
f^. average f r i c t i o n c o e f f i c i e n t between χ ­ o and χ 
χ 
mass flow 9­/s 
G; 
h 
Κ 
k 
k c 
k 
ca 
c I m 
Grae tz number for mass transfer Re . Sc tt~ · P.D.L 
Gr Grashof number ( L
3 . P 2 . g . ß Τ 
acce le ra t ion due to g rav i t y 981 
dimension factor h , wh i ch charac te r ize the t ransi t ion from zone 
to zone II of the graph i te oxyda t ion 
heat transfer coe f f i c i en t 
■16 Boltzmann constant 1.38 χ 10 
heat c o n d u c t i v i t y 
mass transfer c o e f f i c i e n t 
mass transfer c o e f f i c i e n t ca l cu la ted on the a r i thmet ic mean 
concen t ra t ion basis 
mass transfer c o e f f i c i e n t ca l cu la ted on the logar i thmic mean con­
cent ra t ion basis 
2 / cm ys 
c a l / s . C .cm 
erg/°K 
c a l / c m . C s 
c m/s 
cm/s 
cm/s 
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ι 3 
mole cm 
ex 
exp I I I 
k reaction rate constant per unit mass ττ 
m , - / o . g .s . 
g . s.(mo I e/cm ) 
k reaction rate per unit Β.E. T. surface cm/s 
k - k frequencey factor of the reaction rates 
so mo 
k k k , k cm/s 
expo x , m exp 
k local mass transfer coeff ic ient at the location χ cm/s 
ex 
k— average mass transfer coeff ic ient from χ - o to χ cm/s 
k experimental reaction rate constant calculated per uni external 
exp | 
area in zone I cm/s 
k experimental reaction rate constant calculated per unit external 
exp 11 
area in zone II cm/s 
experimental reaction rate constant calculated per unit external 
area in zone III cm/s 
k . experimental local reaction rate at the location xi cm/s 
exp χι 
k mass transfer coeff ic ient in a ful ly established flow x<« cm/s 
c o ° 
L characteristic lenght ot a body in a stream or ful ly length of a sample cm 
L mean lenght of pores in a sample cm 
ρ 
I mean free path cm 
M Molecular weight g/mole 
m mass of the sample g 
M rate of material transfered mole/sec. 
Ν number of pores per sample 
ρ 
η order of a chemical reaction 
2 
Ν rate of transfer of moles per unit area mole/cm s 
­ 16 
molar diffusion f l ­ ' * «f « i s i e s i mole/cri 
Pr Prandlt number 
q 
k 
Pr turbulent Prandlt number Eu* /EH 
Ρ pressure g/cm 
3 / 
Q volumetrie flow in the loop c m / 
1 / 2 rate of heat transfer ca l /cm . 
3 / Q leak flow at N.T.P. cm / s 
o 
R universal gas constant cal/mole 
R radius of a tube cm 
Re Reynolds number calculated with the diameter as reference lenght 
Re cr i t ical Reynolds number 
cr 
Re Reynolds number calculated with the distance χ as reference length 
χ 
r radial distance from the tube axis cm 
F mean radius of pores of one sample cm 
r. „ molecular separation at coll ision Ä 
S total surface of a porous sample including the internal surface. Also 
2 called B.E.T. surface cm 
Sc Schmidt number V / D 
Sc, turbulent Schmidt number E*. / E^ 
t py D 
Sr Sherwood number — c = j — or — c=^— 
s external geometrical surface of the sample c m 
14 9 
s' surface of the C labelled sample c m 
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T Ü _ . . . Ο ­
Ι L temperature in cen t ig rade C 
Τ Κ absolute temperature o 
υ 
ν 
Κ 
Ti temperature at the o u t l e t of the sample C 
Tri­ bu lk temperature or c u ­ m i x i n g va lue C 
To temperatui e at the in le t o f the sample C 
Ts wa l l temperature C 
t t ime s. 
υ v e l o c i t y component in the χ d i r ec t i on cm/s 
υ v e l o c i t y at the edge of the laminar boundary layer cm/s 
Q υ mean bu lk v e l o c i t y in a p ipe υ ­ ~—-y- cm/s n. ' r r m T t . r ^ 
e l o c i t y component in the χ d i r ec t i on in the unper turbed f low cm/s 
' f l u c t u a t i n g va lue of the v e l o c i t y component in the χ d i r ec t i on cm/s 
3 
Vo vo lume of gas in the loop reduced at Ν . T. P. cm 
3 
ν qeomet r i ca l vo lume o f a sample cm 
ext a K 
. 3 
/ p pore vo lume ot a sample cm 
ν v e l o c i t y component in the Y d i r ec t i on cm/s 
v. v e l o c i t y o f species i w i t h respect to s tat ionary axis cm/s 
ν loca l molar average v e l o c i t y cm/s 
v l f l u c tua t i ng va lue of the v e l o c i t y component in y d i r ec t i on cm/s 
vpn­ vo lume per m i l l i o n (concen t ra t ion ) 
w v e l o c i t y component in the ζ d i r ec t i on cm/s 
' f l u c tua t i ng va lue of the v e l o c i t y component in the ζ d i r ec t i on cm/s w 
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χ distance from the entrance of a tube at wh i ch the boundary layers meet 
e 
at tube axis cm 
x distance from the lead inq edqe at w h i c h the f l ow becomes tu rbu len t cm 
cr 
Y molar func t ion of rac t ion product Β 
Ζ molar func t ion of oxyd is ing impur i ty 
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G R E F. K S Y M 8 0 LS 
, ,c- ■ k 2 
rt t h e r m a l d i t tus i t y — — — ­ cm / s . 
U Y cp . ρ 
R c o e f f i c i e n t of thermal expension γ 
■ ■ 2 / 
y k inemat i c v iscosi ty cm /s 
5 th ickness of the boundary layer cm 
§ thickness of the laminar boundary sublayer cm 
f . „ enerqy mo lecu la r i n te rac t i on cm 
A 8 ' 
2 τ shear stress in N e w t o w n i a n f low g f / en 
Ω porosi ty o f sample 
r\ · ι Tm ° K 
y ra t i o between 273 
Π dynamic v iscosi ty g / c r n · s 
φ heat generated per uni t vo lume un i t t ime by in te rna l f r i c t i o n in „ 
a f l u i d c a l / s cm 
3 
D densi ty o f the f l u i d g / c m 
m 
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S U b S C R I P T S 
α ar i thmet ic mean 
Α , Β values re la ted to a gas A , Β 
b va lue at the edge of the buffer layer 
cr va lue re ta led to the c r i t i ca l Reynolds number 
D value re la ted to mass transfer 
Η va lue re la ted to heat transfer 
L value re la ted to the who le length of the sample 
Im logar i thmic mean 
I va lue at the edge of the laminar boundary layer 
m mean value or bu lk value 
va lue re la ted to mass 
Jjf! va lue re la ted to momentum transfer 
o in le t va lue or i n i t i a l va lue or standard va lue 
ρ va lue re la ted to the pores 
S va lue re la ted to B.E.T. surface 
s values at the wa l l (surface) 
Τ va lue in the turbulent core 
χ locat ion χ 
average va lue from in le t to locat ion χ 
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THE INFLUENCE OF MASS TRANSFER O N THE KINETIC OF GRAPHITE 
OXIDATION BY LOW CONCENTRATION OF OXIDIS ING 
IMPURITIES IN A N INERT CARRIER GAS 
by 
L é o n J e a n V a l e t t e 
INTRODUCTION 
1.1 General Problem 
In an element (sol id, l iquid or gas) where a concentration gradient of one substance exists 
a mass transfer is set up, the transport takes place in a direction such as to convey the sub-
stance from the higher concentration to the lower concentration. 
An interphase mass transfer occur between a gas or a l iquid and a solid or l iqu id . Steady 
interphase mass transfer exists when one of the phases acts as a source of the transport e le -
ment, whi le the other phase acts as a sink of the same element. In this thesis we deal only 
with a steady interphase transport between gas and sol id. 
The mass transfer depends on the rate of diffusion of the transported element and on the con-
vective movements established by the f lowing gas. In the bulk of the f lowing gas the magni-
tude of the molecular diffusion is very small compared to the "eddy diffusion" process which 
takes place in a turbulent f l u i d . The turbulence contributes to a rapid transfer of impurities 
in the bulk of the f lu id whilst the molecular diffusion is responsible for the transport in the 
interphase laminar boundary sublayer. 
Knowledge of the properties of the boundary layer proves, as in the heat transfer studies, to 
be of paramount importance for the theoretical formulation of the mass transfer rate. The simi-
lari ty which exists between the heat, momentum and mass transfer is used for theoretical pre-
dict ion of the rate of mass transfer. On the other hand the analogy which exists between hea! 
and mass transfer has been used experimentally by several workers to f ind a solution to 
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d i f f icu l t cases of heat transfer or to visualize some cases of gas f low |_1 . l j J .2] . F ig. 1.1 
gives a typical flow picture presented by clouds of amónia chloride obtained in mass transfer 
tests by Lohrisch. 
Knowledge of the laws governing mass transfer are essential for scientists and engineers wor-
king in physical chemistry and chemical engineering. The optimisation of the design of eva-
poration, dehumidif ication, dist i l lat ion, absorption and extraction plants etc . . . depends on 
how accurately the rate of transfer of material from one phase to another can be predicted. 
Similarly, the study of the kinetic of heterogeneous reactions and catalyt ic processes indicates 
that the reacrion rate can be limited by the rate of transport of the reacting elements. In most 
cases, when the chemical reaction is part of a production process, the optimum y ie ld can be 
obtained by designs which eliminate the mass transfer l imitations. In some other cases, when 
the reactions are parasitic, such as corrosion, the mass transfer l imitat ion of the reactions can 
be benef ic ia l . In any case, a better understanding of the underlying phenomena is required. 
1 .2 Particular Proble m 
In a high temperature gas cooled nuclear reactor ( H . T . G . C R . ) the hot graphite fuel element 
surface reacts with trace amounts of oxidising impurities contained in the helium coolant. The 
graphite reaction rate, at the highest temperature in the core, may be mass transfer controlled 
The accurate knowledge of the maximum oxidation rate is useful in order to specify the ad-
missible level of corrosive impurities in the primary c i rcui t . 
1.2.1 Essential Features of a H . T . G . C R . 
The high temperature gas cooled reactors are being developed in order to take among 
other, the thermodynamic advantages that a high temperature gas cycle can provide, e.g. 
high efficiency steam cycle, or the use of gas turbine, direct conversion, etc. The 
coolant in such reactors reaches temperatures in excess of 7 5 0 ° C With this high coolant 
temperature the fuel operates at 1,300 C and above. Ceramic fuels and materials, such 
as uranium carbide and graphite, are used at these high temperatures. 
A brief description of the O . E . C D . DRAGON Reactor experiment w i l l give an idea 
of the conditions under which the gaseous impurity corrosion problem may occur in a 
H . T . G . C R . Fig. 1 .2 gives a schematic view of the reactor primary c i rcu i t . The 
uranium (fissile material) carbide fuel consists o f * 250 micron diameter particles coated 
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with alternated layers of impermeable pyrolyt ic carbon and sil icon carbide. These par-
ticles are agglomerated together wi th a carbonised binder to form the fuel cartridges. 
The cartidges, which are hollow cylinders, are central ly mounted on a fuel spine and 
are contained in graphite sleeves. The helium coolant flows at 20 atm pressure at high 
veloci ty and Re number (15,000) in a trefoil shaped channel between the graphite sleeves. 
A small amount of the helium is diverted from the main stream and is used as a flushing 
f low (Re=;80), for the fission products, in the annular gap between the fuel spine and 
the fuel cartridges. The maximum temperature of the fuel and the sleeves are respective-
ly as high as 1,600 C and 1,200 C Although helium is used as coolant and drastic leak 
tightness specifications are imposed for the primary circui t components, it is expected 
that impurities l ike water may leak in from the heat exchangers or may be degassed from 
the primary circuit components. This water, in contact with the hot graphite under i r ra-
d ia t ion, w i l l produce gaseous impurities such as 0 o , CO , CO and H . The 0_ is created 
by radiolysis of CO and H^O M · 3J .Under the operating temperature of the reactor, 
fol lowing reactions can occurs 
C + 0 2 - C0 2 (1.1) 
2 C + 0 2 ^ 2 CO (1.2) 
c + co - - -) CO (1.3) 
C + H20 : C 0 + H 2 (1.4) 
Some of these reactions are reversible in the temperature range existing in the reactor 
primary c i rcu i t . Carbon transport w i l l result from the combined effect of corrosion of the 
high temperature graphite in the core and deposition of carbon on metall ic surfaces at 
lower temperatures. A small concentration of impurities (few volume per mil l ion vpm) in 
the coolant might then be sufficient to cause severe localised attack of the fuel elements 
and consequently l imit the useful l i fe of a fuel charge. In the high temperature range, 
the oxidation reaction w i l l be l imited by the mass transfer of the oxidising impurities in 
the carrier gas. The investigations carried out, in connection wi th this study are intended 
to provide information on the mass transfer l imitat ion of the reaction and are useful for 
further design work on H . T . G . C R . power reactors or any other advanced type of high 
temperature reactor. 
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.3 Object of the Thesis 
In this thesis we review the literature on graphite oxidation which shows broadly that the 
graphite oxidation reaction can be divided into three temperature zones. The third of the 
zones is completely mass transfer control led. 
The theories applicable to mass transfer are derived from boundary layer theories similarly 
to those applicable to heat transfer. From these theories we derive analyt ical equations app­
l icable to the flow conditions used in our experiments. The experimental results are corre­
lated to these equations and moreover they are correlated to heat transfer measurements per­
formed by other workers in flow condition similar to those used in our experiment [14J , [ l .5 
|"l .6~! . The correlation is performed on average mass transfer coefficients measured in lamin; 
and turbulent flow in circular channels with different geometries. The fol lowing cases are 
examined· 
a) Average mass transfer coefficient k _ measured at different distances χ from the inlet 
C X 
1 .) in laminar flow with non established velocity and concentration prof i les. 
2.) in turbulent flow with non established velocity profile and concentration profi les. 
b) Average mass transfer coefficient k over the whole length L of the sample. 
1 .) in laminar flow with established velocity and non established concentration 
prof i le. 
2.) in laminar flow with non established velocity profile and non established concen­
tration prof i le. 
3.) in turbulent flow with established velocity profile and non established concen­
tration prof i le . 
4 . ) in turbulent flow with non established velocity and concentration prof i les. 
In all the experiments heat transfer takes place at the same time as mass transfer. It can be 
seen from the theory, that at the low concentration of oxidising impurities (~ 50 vpm 0 ) 
use-' in our experiments the mass transfer does not affect the heat transfer. The only corre 
to be taken into account in the calculation of the mass transfer coefficients relates to the 
temperature profile created by the heat transfer. This correction is generally achieved by th 
selection of a suitable reference temperature for calculation of the properties of the gas. 
Due to the complexity of the experimental techniques required to measure the mass transfer 
coefficients by keeping track of the oxidation rate of graphite at high temperature, the ex-
crio: 
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perimental equipment had certain l imitations so that it was not possible to measure the very 
simple cases such as isothermal ful ly established velocity and concentration profi les. However 
a good correlation of the experimental and theoretical ly predicted values obtained in the 
more complex flow conditions provides a much more convincing argument as to the appl icabi l i ty 
of the theories on the prediction of mass transfer rates. The main contribution on the exper i -
mental side w i l l be made in the laminar flow region because the theoretical expressions are 
more precisely established and moreover very few experiments for mass transfer in the laminar 
flow are reported on in the literature [ j . 7 j , 1 .8 J . 
The experimental data available in the literature for the mass transfer in laminar and in tur-
bulent flow are very scanty compared to those available for heat transfer and in general are 
not so extensively analyzed. 
For the sake of comparison with our results we transpose the experimentally established semi-
empirical equations and experimental results for heat transfer to equivalent expressions of 
mass transfer. This substitution is theoretical ly justif ied within some l imits. We hope that the 
good agreement obtained between our measured data and those calculated w i l l strenghten con-
fidence in the extrapolation of the available expression for heat transfer coeff icient to any 
similar case of mass transfer. 
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2 . THEORETICAL DISCUSSION A N D REVIEW OF THE RELEVANT LITERATURE 
2.1 Graph i te O x i d a t i o n 
Extensive work on graphi te ox ida t ion has been reported on in the l i t e r a t u r e . We restrict our 
discussion of graphi te ox ida t ion to those points wh ich are s t r ic t l y re levan t to the subject 
of the thesis. A l though most of the reported results are not d i r ec t l y a p p l i c a b l e to H . T . G . C R 
systems, i t is c lea r l y establ ished that the heterogeneous react ion w i t h porous g raph i t e is go­
verned by three main processes: 
The chemical rate purely dependent on the mechanism of the 
chemical r e a c t i o n . 
The di f fus ion of the ox id is ing impur i t ies in the pores towards 
the in terna! react ing graphi te surfaces. 
The di f fus ion of the ox id is ing impur i t ies through the gaseous 
boundary layer surrounding the g raph i te . 
F i g . 2 .1 represents the three zones of react ion rate o f a porous 
carbon versus temperature I 2.1J „ 
2 . 1 . 1 Chemica l Regime 
At lower temperatures when the whole interna! surface of the g raph i te is accessib le to tr, 
concent ra t ion C m the combustion rate is governed solely by the chemica l reac t i on rate, 
The rate of combustion per uni t external surface can be expressed by : 
n n 
Rate = - Ρ , " Cm ' S = k s ' C m ' S ° r k _ = K - 1 (2.1) exp, s s 
n k 
kr ι m · m 
κ . <~ . m or k = — 
m m exp s 
(2.2) 
The chemica l rate constant is re lated to the temperature by the Ar rhen ius e q u a t i o n : 
k - k . e - E / R T 
exp, expo 
k k · e~ E / / R T or k - L· ~ E/feT 
°' m ~ kmo- e (2.3) 
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In the above equations : 
k - Experimental reaction rate constant expressed 
I per unit external area in Zone I 
m 
- Concentration of impurity in the bulk gas 
s - External geometrical surface of the sample 
k - Reaction rate constant per unit B E T surface 
s 
R - Universal gas constant 
E - Act ivat ion energy 
n - Order of the chemical reaction 
S - Internal surface of the porous sample or B E T 
surface 
k - Reaction rate constant per unit mass 
m 
m - Mass of the sample 
cm/s 
(for first order reaction) 
mole/cm 
2 
cm 
A cm/s 
cal /mole K 
cal /mole 
cm 
mole 
g .s . (mole/cm^) 
for first order reaction 
The k expressed by the equations (2.1) and (2.2) is dependent on the 
exp. 
geometrical characteristics of the sample, the surface to volume ratio in 
part icular. 
The kinetic measurements are intended to determine the order of the reac-
tion (exponent n ), the frequency factor k and the activation energy E. These values 
so 
depend on the gaseous reactant and the quality of the graphite (purity and structure). The 
value of k and k and consequently k varies with burn-off (see Fiq. 2.2) and this 
s m exp 
variation depends on the type of graphite used 2.2 . From this figure it can be seen 
that by an appropriate pre-oxidation of the sample a region of stable k can be reached 
where useful and accurate measurements can be performed to investigate the influence of 
of the other variables on the reaction rate. The activation energies given in the literature 
are respectively 80 kcal /mole, 75 kcal /mole, 45 kcal /mole, for the reaction of gra-
phite with C0„ , H O and 0_ | 2 . l l . In the temperature and concentration range (above 
900 C with 500.M. afm 0„) of interst to this study the reaction rates ore first order. 
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2.1 .2 In Pore Diffusion Regime 
At higher temperature a concentration gradient of the oxidising impurity is established in 
the porous material because the rate of depletion of the oxidising impurity must be counter 
balance by the diffusion of this impurity into the pores. In this zone the reaction rate per 
unit external surface area has an apparent activation energy half of the true chemical ac­
tivation energy. 
The theory of in­pore diffusion is developed from the calculation of the rate of reaction 
in a single pore which is then extrapolated to a porous pellet |_2.3j [_2.4J „ The concen­
tration profile (required as a driving force for the reactant) along a single pore is calcu­
lated and from this profile the effective reaction rate is obtained. The ratio between the 
effective reaction rate and the reaction which would occur if a uniform concentration 
C existed in the pore gives the "utilisation factor". The transition between zone I and m 
zone II is considered to occur in the temperature range where this uti l isation factor be­
comes smaller than 0 .9 . 
The rigorous treatment for a single pore is extended to the practial case of graphite 
pellets which is assumed to be a bundle of Np pores of mean radius ¡ and the mean lengt1 
Lp. In the model of the porous material, the number of Np of pores, their length Lp and 
the radius r, are related to the porosity (Θ), the geometrical volume (v ) the geometri­
ext 
cal surface (s), the pore volume (Vp) and the Β Ε Τ (S) of the pel le t . The expression of 
the rate per pellet is obtained by substituting Np, Lp and r by their expression as functior 
of (Θ, r, V e x f / _ V P / S) ¡n t­he rate equation for a single pore mult ipl ied by N p , the ex­
pression of k (Experimental reaction rate constant expressed per unit external area 
exp,, 
in zone II ) obtained is: 
k ^ 
expji 
with h = L p . 
k . Deff . — s 
1" 
Λ! 2 ■ κ-
I 
θ 
I 
. θ 
fan h ft (2.4) 
Deff 
(2.5) h is a dimensionless factor whose 
value is used to characterize the transition from zone I to zone 
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In the equation (2.4) and (2.5) Deff is the effective diffusion coefficient in the porous 
material which is a fraction of the bulk gaseous diffusion coefficient D. The Tortuosity 
factor of a porous material can be defined as the ratio of the bulk gaseous diffusion and 
the Deff in the porous material. In the material with very fine pores (of the same order 
of magnitude as the mean free path of the gas) the Deff includes also the diffusion resul­
ting from the Knudsen or molecular f low. 
ι r 
For h* < 1 , (tanh* = h*), the equation (2.4) reduces to k = - s — (2.1 ) 
exp s 
While for h > 2 the equation reduces to 
/ 2 k Deff θ k = ƒ : — s _ ! : (2.6) which is the expression of a reaction e x p l l \j 7 
occuring in the in pore diffusion controlled zone. 
It may then be seen that for h <^ 1 the reaction proceeds in zone I and for h > 2 the 
reaction proceeds in zone I I . It can also be seen that in that zone II the k is 
expjj 
E/2RT proportional to e which gives an apparent activation energy half of that one of 
the chemical rate. 
From these equation i t can be seen that the k is increasing with the square root of 
ex P | | 
the chemical reaction rate k , the effective diffusion coefficient Deff and the porosity θ 
while it is inversely proportional to the square root of the mean pore radius. The values of 
h * increases with decreasing Deff and r which means that the transition from zone I to 
zone II w i l l occur earlier in impermeable graphite (low Deft, and lowr ) 
2.1.3 Mass Transfer Regime 
At higher temperature the reaction rate of the graphite becomes very high and the rate 
determining step becomes the diffusion of the oxidising impurities through the gaseous 
boundary layer surrounding the sample. 
The oxidation rate is then equal to the mass transfer rate and which can be expressed as 
follows: 
k „ s . C = k . s . C = k . s . ( C - C ) (2.7) 
exp... m exp.. s c m s 
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wi th 
k ­ Experimental reaction rate constant per unit cm/s 
e x p | | | external surface area in zone III 
­ Mass transfer coefficient c m ' s k c 
C Concentration of oxidising impurity at the surface mole/cm 
of the graphite 
3 
This equation means that the experimental rate measured by taking into account the con­
centration C in the bulk gas is equal to the rate calculated by using the extrapolated 
rate k at higher temperature Fig. 2.1 and the actual concentration C$ at the wall 
exP|| 
of the reacting graphite. These two rates are equal to the rate of transfer of oxidising im­
purities to the graphite surface under the concentration gradient (C^ ­ C. ) . The coef f i ­
cient k is nothing else but the mass transfer coefficient of the oxidising impurities through 
c 
the carrier gas. Introducing in equation (2.7) the expression of k as defined in 
ìquatìonfZA Jone obtains the following general equation. 
k . s . C = s . C .^¡ΣΖ^ΣΜΙΙ, tanh (]T) (2.8) 
'III exp , , . m s 
= k . s . (C ­ C ) c m s 
From equation (2.8) the value of C can be cclculated 
k C 
c = c · m 
s ^ k s · De f f ­ 9 . tanh (?) + k (2.9) 
Introducing this value of C in the first equality of equation (2.7) one obtains; 
k = ; = (2.10) e x p l l l 1 + i 
j 2 T _ k s . Deff . 6 m tanh ^ kc 
It can be seen that equation (2.10) is the general equation covering the three regimes. 
1 . If the rate of impurities to the surface is very much higher than the combustion rate 
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. / 2 . k: . Deff . θ k » x s ~ tanh (h ) which is generally the 
case at low temperatures and small values of h***; equation (2.10) reduces to 
exp. 
i - ^ k s - ^ - D e f f · θ . tanh (h*) 
similar to equation (2.4) which has been shown to be equal to 
k for h <^ 1 and to k for h > 2 . 
exP| exp|| ' 
On the other hand i f the combustion rate is much faster than the rate of transfer of 
impurities to the reacting surface then 
k / / / '-— s— '· . tanh (h ), which is the case at very high fempera-
tures and hiqh values of h ; then equation (2.10) reduces to; k - k which 
expju c 
means that at very high temperatures when C ^ O the experimental reaction rate is 
equivalent to the rate of mass transfer of impurities through the gaseous boundary 
layer. 
In the transition between zone II and zone III the C is not zero and the fol lowing 
equation is appl icable; 
k 
; x Pm 
(2.11) 
exp III 
exp. 
1 -
exp. 
The determination of k is required in order to find the mass transfer coeff icient. 
exp.. 
2.2 Mass Transfer and Diffusion 
In the previous chapter we have seen that at high temperatures the reaction rate of oxidation be­
comes equal to the mass transfer rate of the oxidising impurities to the surface of the reacting gra­
phi te . 
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The process of mass transfer of the ox id is ing impur i ty from the bulk o f the gas to the graphite 
surface is the result of molecular d i f fusion and convec t i ve transfer (eddy d i f f u s i o n ) . 
2 . 2 . 1 Mo lecu la r Di f fus ion 
The d i f fus ion of a gas is the property by wh ich the gas moves under a concen t ra t i on gra­
d ien t in order to ann ih i l a te this g rad ien t . If a cont inuously renewed gas mix tu re is in con­
tact w i t h a sol id wa l l ac t ing as a sink for one of the components o f the m i x t u r e , a steady-
state d i f fus ion is establ ished between the bulk of the gas and the w a l l . This steady-state 
d i f fus ion can be contrasted w i th the unsteady-state d i f fus ion wh ich resul ts , for instance, 
when a pa r t i t i on separating two gases is suddenly removed and the gases m i x , on wh i ch 
thei r loca l concent ra t ion changes cont inuously unt i l the concent ra t ion o f both components 
of the gas mixture is even throughout the con ta iner . In this study we deal w i t h steady-state 
d i f f us ion , assuming that the temporary or l oca l i zed concent ra t ion f l uca t ions are negl igible 
compared to the concent ra t ion gradient established between the bu lk gas and the graphite 
wa l l s 
2 . 2 . 1 . 1 De f i n i t i on of Concen t ra t i on , Ve loc i t i es and Mass Fluxes 
In this invest igat ion we are interested in f ind ing out the mass f l u x o f one of the spe­
cies ( e . g . oxygen) d i f fus ing through other species towards the reac t i ng g raph i t e surf-
f a c e . In order to def ine this mass f lux we must g ive the units in w h i c h the concentra­
tions are expressed and the reference frame in wh ich the f l ux is considered \2 .5 | . 
In a mu l t i - component system the concentrat ion of the var ious species may be expresseo 
in d i f fe rent ways . We l im i t our discussion to the molar concen t ra t ion C w h i c h is the 
ι 
number of moles of species i per uni t volume of so lu t ion . 
In a di f fusing mixture the various chemical species are moving at d i f f e ren t ve loc i t ies 
and the purely molecular di f fusion process is accompanied by a bu lk f l o w . This can 
easi ly be exp la ined by considerat ion of the simple case of the species A d i f fus ing 
through stagnant He . Species A is moving in d i rec t ion y by molecu lar d i f fus ion under 
the impulse of the concentrat ion gradient d C A . As the to ta l pressure in the gas 
mixture ,s constant, a similar gradient d C ^ exists in the stagnant H e , w h i c h will 
~dy— 
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then force the helium to diffuse in the opposite direction to the diffusing species A . 
Helium should be stationary and thus a bulk flow must be established in order to counter 
balance the tendency of He to diffuse. This bulk flow induces also a net flow of spe­
cies A which is to be added to the molecular diffusion process, in order to find the to ­
tal mass f lux or mass transfer. We use in the discussion the scalar representation of 
vectors l ike v . N ; this is strictly val id only for an undirectional transfei . 
Let v. denote the velocity of the i species, with respect to the stationary coordinate 
axis. Then for a mixture of n species the local mass average veloci ty ν is defined as: 
η 
i — (2.12) 
Σ 
i ­­­ 1 Ρ ¡ . y 
ν = 
η 
Γ Ρ-
i = ι " 
Similarly a local molar average veloci ty ν may be defined as: 
η 
. Σ C¡­v¡ 
v*= L _ J (2.13) 
Σ r. 
­sf Note that C . ν is the local rate at which moles pass through a unit cross section 
placed perpendicular to the veloci ty ν . 
One can also define the diffusion velocity of the species i with respect to v * as 
v­ ­ ν * 
The molar f lux of species i is a vector quantify denoting the moles of species i passing 
through a unit area per unit t ime. The motion may be referred to stationary coordinates 
or to the local molar average veloci ty ν . 
The molar f lux relat ive to stationary coordinates i 
Ν. = C. . v. (2.14) 
I I I 
The molar flux relative to the molar average veloci ty \r is 
Ík 
N. = C. . ( .­. ­ v) (2.15) 
ι i i 
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i 2 .2 .1 .2 F icks law of Diffusion 
The molar rate of transfer in the direction y per unit area due to molecular motion is 
given by Ficks first law of diffusion [?■·£>} 
N * = _ D . . ¿ C ­ ­ (2.16) 
ι ι dy 
This equation states that the species i diffuses in the direction of decreasing concen­
tration of i , and it is similar to Fourier's equation for heat conduct ion. In the system 
2 
of units selected D. is expressed in cm / s . 
This Ficks law gives the molar flux relative to the molar average veloc i ty v* . In this 
case we are ¡ntersted in discovering the molar flux relative to the stationary coordinate 
fixed to the reacting graphite surface. 
From equation (2.15) and (2.13) if can be seen that 
C. 
N * ­ C. . v. ­ ­ J L . Σ C . v . (2.17) 
1 ' ι C : = ! I I 
η 
Ν * = Ν. ­ χ. . Σ Ν. (2.18) 
I I I j 
¡ = ι 
Equation (2.18) means that the molar flux N. is simply the combination of the molar 
diffusion flux N. and of the bodily transport of species i due to the local molar flux 
of the mixture. 
2.2.1.3 Diffusion of the Reacting Gas A in the stationary Gas He Accompanied by a Back­
Diffusion of the Reaction Product Β 
In the case at issue in this thesis, the oxidising impurity diffuses towards the graphite, 
where the reaction products diffuse back to the bulk f low, Fig. 2 . 3 . If the following 
reactions with the graphite we assumed 
A + C — η Β with η = 1 or 2 
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(2.19) 
One can note from equation (2.18) that the diffusion rate of A towards the graphite 
is given by 
d C 
N . = ­ D. ­ + χ . ( N . + N D + N U ) (2.20) 
A A dy Α Α Β He 
On the other hand the stoichiometry of the reaction (2. 19) gives 
η N A = ­ N B 
This latest equality introduced in equation (2.20) gives 
N A [ l ­ x A (1­n) 
d C 
Π + χ Ν 
U A * dy Χ Α * INHe (2.21) 
For very small values of x . this equation reduces to 
N A = " D A · - d 7 ^ ' N I (2· ,6> 
i 
­5 In our experiment we have always used small molar fractions of 0_ in He ( 5 . 10 ) 
and consequently we shall assume throughout the discussion that N n _ is given by 
equation (2.16). 
2 .2 .2 Diffusion Coeff icient 
In the previous chapter we have introduced the concept of diffusion coeff icient whose 
2 ­1 . 
unit are L . Τ . This coeff icient is an expression of a property of the gases of moving 
under a concentration gradient in order to absorb this gradient. 
The diffusion of a gas is related to the molecular velocit ies in the gas. However, the rate 
at which the gases are able to diffuse is much smaller than the speed of molecules which 
is given by [2.7 J 
c = / Ë——J (2.22) where M is the molecular weight of the gas. 
\ TC · M 
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The slow diffusion rate results from the fact that a gas molecule cannot travel a great dis­
tance in one direction before col l iding with other molecules. The average distance be­
tween successive collisions is called to mean free path 
I-= 1 λΙΥ. TT . η . rj (2.23) 
Where η is the number of molecule per unit volume 
6 ist the collision diameter 
Equation (2.23) can also be written 
¿= R · T · A 
Ρ Λί^.κ.σ2 
where A is the Avogardro number. 
(2.24) 
The diffusion is then the resulting displacement in one direction of the gas molecule t ra­
vel l ing randomly at high velocity between successive col l is ion. The kinetic theory of the 
gas lead to the fol lowing expression 
D 1 / 3 . c 4 (2.25) 
From this equation it can be seen that D increases with 3/2 power of temperature, decrease: 
with 1/2 power of M and is inversely proportional to Ρ and a function of the col l is ion dia­
meter. For the interdiffusion of two gases the properties of both gases must be taken into 
account for the calculation of D . _ . 
AB 
Hirshfeld, Bird, Spotz, have summarized a method which appears in the fo l lowing equa­
tion for calculating D in the absence of experimental data [2.8J [~2.9"| 
D 
AB 
"AB 
9.292 10 
M + M 
1/2 
(2.26) 
Ρ . C A B ) ' 
f ( K t / E A B ) 
ι . „ molecular separation at collision 
< r A + 1 ' B > / 2 
energy mol. interaction s erg 
­ 4 1 ­
K = Bol tz man n constant = 1.38 χ 10 erg / Κ 
f ( K t / G . _) = a coll ision function given by F ig. 2.4 
In Figures 2.5 and 2.6 the diffusion coeff icient for 0« in He and N_ are presented 
for different temperatures and pressures. 
The val.ues used for the calculat ion are in Table 2.1 
In equation (2.26) the term of energy of molecular interaction has been introduced to take 
care of the intermolecular forces in real gases. According to equation (2.26) the D. R is 
not dependent on the relative concentration of the two gases present: this coincides with 
experimental results. The use of values calculated by (2.26) introduces an error of 3% at 
the most [2.10j j_2.1lj 
2.2.3 Molecular, Momentum and Heat Transfer 
A similarity of process exists between heat, momentum and mass transfer. Advantage w i l l 
be taken later of this similarity of process to develop the theory of mass transfer. We briefly 
show below the similarity of the expressions defining the three processes. In al l three pro­
cesses, any local concentration of heat, momentum or mass is destroyed by a diffusion of 
heat, momentum or mass/noreover these processes are very often interconnected and occur 
simultaneously. For purely molecular transfer the fol lowing equations can be used 
Momentum transfer ­ * = ­ μ ■-& = ­ ·£ ­ · Êlèiiã = ­ V l i Ρ' d ( 2 27) 
dy p dy d y \ß-*n 
Heat transfer ­ q = ­ k ­ ¿ Χ = ­ Λ . SLi^JLA. 
d y C ρ·ρ d y (2.28) 
Mass transfer ­ N = ­D ._d_Ç_ (2 16) 
dy κ ' 
= shear stress in Newtonian f lu id which can be considered the 
rate of momentum diffusion g f /< f cm 
2 
Q" = V kinetic viscosity can be considered as the momentum cm / s 
diffusion coeff ic ient . From the kinetic theory of gases i t 
can be seen that 
μ = 1/3 . c .p M 
consequently D = V for a perfect gas. See equation (2.25) 
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q is the rate of heat transfer ca l /cm . s 
k is the heat condict iv i ty coeff icient which from the ca l /cm . C . s 
kinet ic theory is calculated as 
k = 1/3 . p . c . £ . c 
k 2 
; is the thermal dif fusivi ty and is comparable to D cm / s c .0 
c . p . T : is the heat concentration per unit volume in the gas ca l /cm 
Ρ 
The comparison of equation (2.16) (2.27) (2.28) shows that heat transfer, mass transfer and 
momentum transfer are very similar indeed. By the grouping of the dimensional dif fusivi ty 
defined above one arrives at the dimensionless number 
These numbers are very useful in the development of the theory of heat and mass transfer 
and we w i l l meet them often in the next chapters dealing wi th the convective mass transfer. 
For an ideal gas these numbers should be equal to 1 and in practice for gases far from the 
l iquefaction point the values of Sc and Pr do not depart too much from 1 . 
2.3 Mass Transfer in forced Convection 
2 .3 .1 Introduction 
We have seen that in practice to be able to predict the reaction rates in the mass transfer 
control led conditions for graphite oxidation i t is necessary to f ind a mass transfer coe f f i ­
cient k which can be defined as M = rate = k . s . Δ C or 
c c (2.29) 
Ν = k . A C 
c 
2 
where: Ν is the rate of transfer of moles per unit area (mole/cm . s) 
This term k is similar to the heat transfer coeff ic ient h defined by the "Newton cooling 
law" 
q = h . s . Δ Τ (2.30) 
These equations seem magically simple, but this apparent simplicity is destroyed by the 
fact that in a f lowing gas so many variables which are specific to the flow and diffusion 
process influence k . So that the experimental determination and the theoretical prediction 
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of the influence of each variable on k become very d i f f i cu l t . 
c 
It must be theoret ical ly possible to solve the problem of mass transfer without using the 
mass tra 
(2.16). 
nsfer coeff icient k . This could be done by using an equation similar to equation 
N = - D . | 4 
where D is the diffusion coeff icient of the reacting agent in the bulk f lu id and Δ Y the 
thickness of a layer of f lu id in contact wi th the w a l l , through which the concentration 
would change l inearly with the distance from the surface. This procedure fails again be­
cause the concentration does not change l inearly close to the wall but the gradient is con-
centrated mainly in a thin layer close to the wal l and consequently γ is not known. 
The only way of solving the problem of mass flow is to recognize the interconnection of 
mass transport by molecular diffusion and by convective transport (or mechanical transport 
in the bulk f low) . This brings us to the introduction of two essential concepts "the turbu­
lence and the boundary layer" , which w i l l be discussed more extensively later on . In the 
case of a fast f lowing gas the veloci t ies, temperatures and concentrations are equilised by 
turbulent motions in the bulk of the flow whi le near the walls a thin boundary layer exists 
in which the transport of momentum, heat and mass is proceeding by molecular process. 
The di f f icul t ies of all problems of heat and mass transfer by convection are due to this 
combination of both mechanisms each of them being governed by rather complicated laws. 
The complete analysis of the problem lead to a system of several differential equations 
which in practice are d i f f icu l t to solve. By the introduction of the boundary layer concept, 
the general differential equations can be simplif ied and in some cases solution are ava i l ­
able. The use of the boundary layer concept and of the methods of similarity introduce 
other approximate expressions for the mass transfer coeff icient which are more accessible to 
the calculat ion and serve as a good guide for the experimental investigation and correla­
tion of the results. 
In this chapter after reviewing the general methods used in heat transfer (transposed to mass 
transfer) we shall present the theoretical ly available formula to be applied in the case of 
combined mass transfer and flow used in our experimental equipment. Finally we also gather 
from the literature the semi-empirical expressions applicable to our case. 
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2 .3 .2 General Theories and Methods for the Study of Convective Mass Transfer 
2 .3 .2 .1 The general differential Equation 
2 . 3 . 2 . 1 . 1 The Differential Equations of the Flow of a Viscous Fluid 
The fundamental hydrodynamic equations are based on two of the most general 
laws of physics i .e. the law of conservation of mass and Newtons law which 
states that 
force = mass x acceleration. 
By consideration of the balance of forces (inertia, pressure and viscous forces) 
on an element of incompressible f lu id , with constant properties, moving wi th re­
gard to a stationary coordinate system x, y , ζ with velocity u , v , w t Navier and 
Stokes derived the following equations |_2.12J 
2 .P 2 
P ( ^ + U ¿ u + V l u + W 3 u ) = _ 3 β + μ ( | ^ + 1 ^ + 1 υ ) (2.31) r 3t 3x ay 3z ox 3 x 3y οττ x ' 
ρ(|Υ + υ | ν + ν | ν + ν ν 3 ν ) = . 3 β + μ ( ί ν + Α+Λ) (232) 
r dt 3x 3y 3z 3y r 3 r oy2 3z5 \¿>¿¿) 
r dt dx By ^z 9z r 9 xJ 3 yJ 1> z* \l.òà) 
The condition of continuity and conservation of mass must be satiesfied 
3 p 3u 3v 3 
3 t + T x " + 3 7 + 3 7 = U (2­34)  0 
2 . 3 . 2 . 1 . 2 The Differential Equations of Heat and Mass Conduction 
These equations are derived from energy and mass balance consideration on a 
stationary volume element located within the flow f i e ld . 
The energy balance results in 
( | l ­ + u 4 T ­ + v | l + w | l ),­!_( ¿T + ¿T + ÌT ) + £ ( (2 35) 
d t dx d y 3 ζ pCp 3 x2 d y* 1T? ; ^ l j 
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ft being the heat generated per unit time and unit volume by internal f r i c t ion . 
For small velocit ies the temperature changes caused by this internal fr ict ion are 
small and are usually desregarded. 
The mass conduction equation is derived in a similar manner and is 
¿Ç + u 3ç + v j ) ç + w dc . n , k + 3c + c?c, 
d t + U T r V o v + W 3 l ­ D ( T 7 + T ? T?] (2.36) 
These general differential equations should provide the solution to any problem 
of heat and mass transfer in a forced f low. 
The exact solutions of these equations is practical only for very few cases (e .g . 
laminar flow in a tube). But the introduction of the boundary layer concept w i l l 
in some cases simplify the equations and y ie ld a solution (e .g . flow and heat 
transfer on f lat plate in laminar f low). Moreover these equations w i l l give a 
guidance for the development of similarity methods which have been success­
ful ly used in heat and mass transfer. 
2 . 3 . 2 . 2 Concept of Boundary Layer and Definit ion of the Boundary Layer Equations 
If the veloci ty f ie ld is measured in the immediate v ic in i ty of a wal l on which a f luid 
is f lowing a steep veloci ty profi le is observed. The velocity begins with a zero value 
at the wal l and increases wi th in a thin layer of thickness δ to the value of the undis­
turbed stream which occurs at some distance from the body. Outside the boundary 
layer, the veloci ty gradient normal to the direction of f low is usually so low that the 
viscosity effects can be ignored. Hence i t can be assumed that each flow can be de­
vived into tow regions, namely the boundary layer to which the viscosity effect is con­
fined and the main flow outside the boundary layer which can be considered as f r i c ­
tionless. This concept is essential for the f low, heat and mass transfer calculation and 
was ut i l ized by L. Prandtl to develop this boundary layer theory (1904) 2.13 
Similarly when mass transfer occurs between a f lowing gas and a solid wal l a concen­
tration gradient is set up near the w a l l . Within a small distance from the wall the con­
centration varies from the value C at the wall to nearly the value C of the main 
s m 
stream. This small distance 0 ¡s called "mass transfer boundary layer" by analogy with 
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the velocity boundary layer. The thickness of both layers is not necessarily the same. 
For the f luid with Sc> 1 the "Velocity boundary layer" is thicker than the "mass trans­
fer layer". In this " layer" the mass transfer occurs only by molecular di f fusion. 
Boundary layer equations 
Prandtl concluded in his paper that in fluids of low viscosity the action of vicosity can 
be neglected except in a thin layer along the solid surfaces, on this basis he then 
proceeded to simplify the Navier­Stokes equations applicable in the boundary layer 
by estimating the order of magnitude of the different term in these equations. 
Similarly E. Pohlhausen 1921 simplified the boundary layer energy equation for the 
flow on a f lat plate (two dimensional flow) [2 .14 ] . He assumed that the f low v e l o c i ­
ties are sufficiently small for the viscous dissipation term to be ignored in the boundary 
layer energy equation. 
With this concept and assuming constant properties of the f lu id , constant veloci ty 
outside the boundary layer, the complete set of boundary layer equations which des­
cribe the combined momentum mass, and energy transport in a two­dimensional steady 
laminar boundary layer of a two component mixture are simplified to Γ2.15] 
Momentum p u ¿ J á + p v ^ _ u _ = μ ί ^ - | _ Β (2 .37) 
Energy u | l + V ¿ I = CL ^ ( 2 . 3 8 ) 
Mass u^ï + v#7 = D f p (2·39> 
Continuity I f + | ^ = 0 ( 2 . 4 0 ) 
with the following boundary condition 
at y = 0 υ = 0 ν = 0 C = C T = T 
s s 
at y-*» »o u = u C = C T = T 
' » · oo DO 
These equations are known as boundary layer equations and are more easy to handle 
than equations (2.31) to (2.36). 
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2 . 3 . 2 . 3 The Momentum and Mass Flow Equations of the Boundary Layer 
The laminar boundary layer equations discussed above can be solved for the deter­
mination of the characteristics of the boundary layer and the heat and mass transfer 
coefficients in laminar boundary layers of different shapes. 
In some cases however it is much easier to use an approximate method introduced by 
Τ ι . von Karman. This method is much simpler and has the advantage of being app l i ­
cable to situations for which the exact solution is impossible. 
The momentum equation is the expression of the equil ibrium between the forces of 
inertia resulting from the change of momentum in an element of f lu id near the surf-
face and the external forces which are acting on the surface and within the element 
of fluid. [2.I5] 
In a f lu id of density ρ and viscosity LL flowing along a surface, a boundary layer of 
thickness δ is established. The velocity of the f lu id in the layer is u at the distance 
y from the surface and u ^ outside the boundary layer. 
Let us consider the equil ibrium of forces on an element Fig. 2.7 of f lu id l imited by 
two planes parallel to the surface of the paper, and unit distance apart, the planes 
1.2 and 3.4 distance dx apart from each other and the plane 2.4 parallel to the 
surface at a distance o > 0 . The forces acting on the element are the forces due to 
change of momentum 
A fP du (t 
- p . d x . ^ ƒ (Uoû ­ u). u.dy + p . dx. ~^~ j udy (2.41) 
The shear stress at the surface ­ X . dx 
s 
The pressure forces ­ —¡— . dx 
For a flow where the main stream velocity u^remains constant the term ­τ— is neg l i ­
dx 
gible and the momentum equation can be written 
­ Ρ Τ χ / f <"­,­"> · » ■<* ­ t , <2·42» 
As no assumption has been made as to the nature of the flow during the derivation of 
the equation, it is applicable to laminar as wel l as turbulent f low. 
The momentum equation can be integrated when the relation between υ and y is known 
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von Karman has in tegrated this equat ion by using an expression for α υ ­ f (y) pro­
f i l e wh i ch fu l f i l s the boundary condi t ions that the exper imenta l l y measured pro f i les 
are known to f u l f i l . 
The Mass Flow Equation o f the Boundary Layer 
The considerat ion o f the mass balance in the f l u i d element con ta ined between the 
faces (1 . 2 ) , ( 2 . 4 ) , (4.3) and (1 .3) of an element f l u i d as de f ined a b o v e , see F i g . 2.8, 
leads to "the mass f low equat ion of the boundary layer " 
E a " ■ <c~-c> · ""= ° ■ < f » ( 2 · 4 3 ) 
U ' y = o 
For the i n t eg ra t i on , a re la t ion between C and y must be a v a i l a b l e . 
2 . 3 . 2 . 4 Concept o f Turbulence and Eddy Di f fus iv i ty 
Outs ide the boundary layer the f low may proceed in a turbu lent manner , in th is r e ­
g ion the f l u i d is f l ow ing in a disorderly manner .On the t ime average components of 
i g to thi the v e l o c i t y u , v , w are superimposed f luc tua t ing values υ ' , ν ' , w ' c o n t r i b u t i n g to thi 
transfer of momentum and mass. The result ing rates of transfer are orders o f magnitude 
larger than the corresponding rates in laminar f l o w . 
O . Reynolds has demonstrated that the transi t ion from laminar to t u rbu len t f l o w occurs 
at what is ca l l ed the c r i t i ca l Reynolds number, Re 
cr 
If one considers the f low along a f la t p late a boundary layer is establ ished at the lea­
ding edge . The thickness of the boundary layer increases a long the p l a t e . A t a certain 
distance x ^ corresponding to R e ^ = ­ ^ ^ ~ c r ­ P the boundary layer becomes 
turbu lent w h i l e a laminar sublayer is formed F ig . 2 . 9 . The va lue of the Re d e ­
XC Γ 
pends on the disturbances exist ing in the upstream f low and the disturbances created 
by the lead ing edge . A closer examinat ion of the f low pat tern ind ica tes tha t an inter­
mediate zone ca l l ed the "buffer zone" exists between the tu rbu len t boundary layer 
and laminar sub­ layer . 
Similar considerat ion of the f low pattern in tubes indicates that at the en t rance of the 
tube a boundary layer is established in a similar manner to the f l a t p la te F i g . 2 .10 . 
The boundary layer presents a zero thickness at th« l „ L t j t L , , 
HMCKness at the in le t and then increases a long the 
tube . At a cer ta in distance χ from the e n t r o n s f L · u J ι 
e <­>.,, ine enrrance, the boundary layers become so 
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thick that they join on to the axis of the channel. If the boundary layers are laminar 
at the moment of contact a laminar flow is set up in the tube which presents a parabo­
lic distribution of the ve loc i ty . On the other hand, if the boundary layers are turbu­
lent at the moment of contact a turbulent flow is set up in the tube and presents a ve­
locity distribution which is flatter than the profi le in laminar f low. In a tube the Re are 
expressed as function of the mean velocity υ and the diameter d of the tube. It is 
m 
found that the f low is turbulent in the channel when 
Re = _Um_^_^L = 2,300 to 3,000 
cr V 
Eddy Diffusion 
By analogy wi th the molecular diffusion which is applicable in laminar flow and in 
stagnant gas, a theory of "eddy dif fusion" has been developed in order to interpret 
the mass transfer which occurs in a turbulent f low. In the turbulent f low, discrete par­
ticles of the gas, cal led eddies, are ranomly agitated in all directions, the velocit ies 
(υ' , ν ' , w ' ) being superimposed on the average velocity in the flow di rect ion. In 
the mass transfer process we are merely interested in the eddies travel l ing perpendicu­
larly to the main f low. Following Prandtl and Taylor [2.16J these eddies travel a dis­
tance Λ cal led "mixing length" before losing their identity . These "eddies" can also 
participate in the processes of transfer, of momentum, heat and mass, i f the local ve­
loc i ty , temperature and concentration are not uniform throughout the f l u i d . 
A similar reasoning to that developed for molecular diffusion in the kinetic theory of 
gases leads to the defini t ion of the turbulence "eddy kinematic viscosity", "eddy d i f fu ­
sion coef f ic ient" and "eddy heat conduct ion". 
The turbulent diffusivity for momentum ( E ^ ) , heat (E ) and mass transfer (E ) are 
found to be proportional tu u' . A . From these diffusivity coefficients the shear stress, 
the heat and mass transfer in a purely turbulent flow where no viscosity forces exists 
can be obtained by the fol lowing equations similar to (2.16) (2.27) (2.28) 
% ' 3y (2-44) 
q = - E H . 3 ( C P 3 / P · 9 ) (2.45) 
A D "ay 
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The ratio of the eddy kinematic viscosity to the eddy thermal diffusivity E^ /Έ^ 
is called turbulent Prandtl number, while E ^ / E p is called turbulent Schmidt num­
ber. Generally the turbulent Pr and Scf are considered to be equal to one for the 
calculation of heat and mass transfer coeff icient. The results obtained wi th this s impl i ­
fied assumption agree with the observed phenomena although Sage and Ludwig [ 2 . 1 7 ] 
have shown that Pr and Sc are not constant and are different from 1 . Other values 
are quoted by Sherwood and Woertz, Pr = 0,7 to 0,9 and Scf = 0,63 ¡2.18] [ 2 . 1 9 ] 
The molecular diffusivity for each f luid depends on temperature alone whi le the turbu­
lent diffusivity varies with Re and wi l l thus be negligible near the walls and paramount 
in the bulk of the f lu id . The total momentum, heat and mass transfer in al l the regions 
of f luid is given by: 
« -^E»)3^fL (2·48) 
N A = - ( D * E D ' Ì T ~ <2·49' 
which is another set of equation which could be used to calculate the heat and mass 
transfer coeff icients. 
Woertz has experimentally measured the Ε„ values of water in C0 9 and He, the values 
found being 2 orders of magnitude higher than the molecular diffusion coefficients [2.18J 
2.3.2.5 Mass Transfer and Fluid Flow Correlation ­ Method of Exchange of Impulse 
In this section similarity relation between different components of the convection pro­
cess are developed in line with Reynolds[2.20] original idea of proportionality be­
tween the velocity and temperature f ield near a heat exchanging surface. The theories 
resulting from the use of these similarities is known under the name of impulse theory. 
As it w i l l be seen later the combination of impulse and boundary layer theories is th 
most powerful tool available for the study of mass transfer in turbulent f low. 
ie 
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2 .3 .2 .5 .1 Impulse Theory 
The first attempt due to Reynolds considers the simple situation which occurs in a 
turbulent flow when an element m of the f lu id is transferred from a region of con­
centration Coo and veloci ty u^ to a solid wal l of area s with lower concentration 
C and where υ = 0 . Γ2.2θ] s L J 
If the element m is transferred during the time t the resulting mass transfer rate is: 
i H ­ ^ o o J L ­ C S L = ­ Ν . s (2.50) 
r . t 
and a momentum transfer 
m . υ ■ oo = τ . s (2.51) s 
where Τ is the shear stress over the surface s. By el iminating m, s and t from 
both equations 
C -
Ρ .υ 
Ν 
σο 
k — c— = 
Ueo 
C — s-
oo 
c 
s 
­ = 
= 
Xs-
P. υ 
­
k 
c 
"2 
OO 
Ν 
τ
5 
= τ 
— s ­
P. u 
(2.52) 
As i t w i l l be seen, the Blasius equation for turbulent flow is: 
í s ­ 2 = 0,023 Re ~ ° ' 2 5 (2.53) 
Thus 
­ c ­ = 0,023 . Re ~ ° ' 2 5 (2.54 
Uoo 
which is an expression of the k but in this expression the Sc is missing due to the 
simplifying assumptions used to develop the expression, e . g . the turbulence of the 
f lu id extends to the wal l and no physical variation of the f lu id exists from the main 
stream to a position near the w a l l . 
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2 . 3 . 2 . 5 . 2 Combined Impulse and Boundary Layer Theory 
In fac t a laminar boundary layer (concept in t roduced by Prandt l ) exists between 
the main f low and the w a l l . In this boundary layer o f thickness 6 and where a 
large v e l o c i t y grad ient exists the transfer process proceeds in l i ne w i t h the mole­
cu lar process. If we accept the assumption of Taylor and Prandtl tha t the concen­
t ra t ion and the ve loc i t y gradient in the gas are such that at the edge o f the boun­
dary layer the concent ra t ion and the ve loc i t y are respect ive ly 
b . fcTO- Cs) = (C, - C h a n d a . Uoo = u, 
where a and b are coef f i c ien ts smaller than 1 and whose va lue depends on the 
v e l o c i t y and concent ra t ion pro f i le in the f l ow ing gas. N o w app l y i ng the Reynolds 
analogy for the turbulent port ion of the f l u i d wh i l e the molecu lar d i f fus ion equa­
t ion is app l i ed in the laminar boundary layer , 'a better expression o f the mass 
transfer coe f f i c i en t is arr ived at 
S r k c - = 0 T s (2 .55 ) 
Re * Sc U°° pu2 0 +a(Sc-l)3 
in wh i ch the Schmidt number is in t roduced. The appropr iate val ue o f a = — I — 
υ 00 
w i l l be der ived from the knowledge of the ve loc i t y d is t r ibu t ion in the f l o w i n g gas. 
The same equat ion was obta ined by another method due to von Karman (1939) 
[ 2 . 2 1 J wh ich is developed start ing from equat ion ( 2 . 4 7 ) (2.48)and (2 .49 ) [2.22] 
A l though the Prandt l -Tay lor expression is already better than the simple Re ana­
logy (gooa agreement is obta ined w i th Sc up to 2 ) i t is s t i l l approx imate because 
i t has disregarded the "buffer zone" between the laminar layer and the tu rbu len t 
zone . A complete knowledge of the concentrat ion p ro f i l e and v e l o c i t y p ro f i l e is 
requi red for complete ana ly t i ca l expression of - c -
Uoo 
2 · 3 ' 2 · 5 · 3 Improved Impulse and Boundary Layer Theory - and Universal V e l o c i t y Prof i le 
for Turbulent Flow in Tube 
The above expressions have been der ived by assumino fko ^ ; * c u 
" / ussuming the ex is tance of a sharp 
t ransi t ion between the turbulent boundary layer and the laminar s u b - l a y e r . In prac­
t ice a gradual decrease of turbulence is observed when the w a l l is app roached . 
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Semi­empirical expression taking the real velocity profi le in a tube have been 
introduced by Prandtl [ 2 . 2 3 ] , Nikuradse[2.24], Reichardt [2.25] and von Karman. 
The velocit ies are made dimensionless by dividing them by the shear stress ve lo­
c i ty 
u + = υ ­ l / ­ £ ­ (2.561 
T s 
The distance from the walls are made dimensionless by 
ÌLJSL y+ = y Λ^ ' ­Η­ (2.57) 
V 
+ + 
The turbulent veloci ty profi le plotted in α υ = f (y ) plot are independent of 
the Re and is given by Fig. 2.1 1 
in the suplaminar layer 
υ ­ y (2.58) 
in the transition zone 5<y<30 
u + = ­ 3.05 + 5.In y + (2.59) 
in the turbulent core 30<y 
u + = 5.5 + 2 . 5 . In y + (2.60) 
For a rough tube an equation taking into account the relative roughness is ava i ­
lab le . 
Using this veloci ty profi le Th. von Karman derived on expression for k taking 
into account the concentration and velocity gradient in the buffer layer. 
We have seen that equations (2.44)and (2.45) 
X = - (V + V · d ¡9y' "' (2'44) 
"A - -1£-+-k*-> ■*■&■ (2­45) 
where Sc is the turbulent Schmidt number = ­=^­ are applicable in the entire 
f tl7b 
zone of the f low. Moreover, as Sc is considered equal to 1 
­ 5 4 
The eddy diffusivity E. can be determined from equation (2.44) w h e n ! and the ve­
locity profile are know. 
Introducing this value in (2.61) one can find the concentration f i e l d . By using the 
values given by the universal velocity profile in equation (2.44) the E ^ can be de­
termined and the concentration gradient across the various flow zones can be calcu­
lated. The concentration gradient across the laminar sub­layer is [2.26J 
AC, = NA . ­ J ­ 4 — · 5 Sc (2.62) 
the buffer layer is 
A C , = N . b A X 
5 In (5 Sc + 1 ) (263) 
Across the turbulent core 
Δ C. Ν A τ. -°o —¡ ­ 5 (1 + In 6) \/9 
(2.64) 
The whole concentration gradient is obtained by summing up all the three gradient 
across the three layers 
Sc + 1 C ­ C = Ν . s °° A τ Γ^αμτ + 5 ( S c ­ l ) + 5 In 5 ­ — 
The dimensionless mass transfer coefficient 
Ν k — c— 
U Û O (CQO ­ C ) . υ 
(2.65) 
=ΤΓ 
/ υ 
/ ΟΟ 
1 +/Χ/Ρ Uoo 5 (Sc­ 1 )+ 5 In (5 Sc + 1 ) / 6 
(2.66) 
When applied to ful ly developed flow in channel using υ « and Re it yields 
0,25 
m 
m 
0.032 
7VÍ 
Re 
1+0.82 Re 78 [(Sc ­ 1) + ln (5/6 Sc + 1/6)] (2.67) 
2.3.2.6 Methods of Similarity 
Solution for the differential equation (2.31 ) to (2.36) and even for the simplif ied 
equation (2.37) to (2.40) have been found for only few cases. Application of the prin­
­ 5 5 ­
ciple of similarity to these equations has made it possible to gain a large number of 
results as wel l as a clear insight· into the complex mechanisms of convective processes. 
So many variables influence the convective mass transfer coeff icient k that it is very 
c 
d i f f icu l t to determine experimentally the effect of each var iable. With dimensional 
analysis it is possible to find the general form of expressions which depends on few 
dimensionless groups of the variables only and so simplify the planning of experimen­
tal programmes and the correlation of the results. 
Different methods have been used to form the dimensional grouping, for a survey of the 
methods reference can be made to Zahn [ 2 . 2 7 ] and Mc Adams [2.28 1 
We only briefly mention the different methods 
1 . the Rayleigh method, also known as the algebric method 
2. the differential method ­ which consists in a rearrangement 
of the differential equations 
3. the method based on a consideration of the requirements for 
geometr ical , kinetic and dynamic simi lar i ty. 
Dimensional analysis is part icularly valuable where the mathematical relations are 
unknown or complex. It should however be kept in mind that the prerequisite for the 
successful use of the method is to know what quantities are involved in the phenomena 
studied. The quantities may be determined intui t ively but if is safer to startfrom wel l 
known differential equations. 
Using the methods of similarity i t has been shown that the local mass transfer coeff icient 
at the po int x . y . z is described by an equation of the type 
Sr = f (x, y , ζ , Re, Sc) 
k χ where Sr is the Sherwood number rÇx"~ 
and the average k is given by 
Sr = f (Re, Sc) this last function being of the type 
Sr = A . (Re) a . (Sc)b (2.68) 
a and b being exponents to be found experimentally. 
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The dimensionless numbers wh ich w i l l be used al l over the thesis and w h i c h are par t ly 
used in equat ion (2.68) are 
k x Sherwood number analogous to the Nusself number 
in heat transfer Sr 
xu . p Reynolds number K e 
μ 
LL Schmidt number ­x­
Ρ . D 
k Sr Equivalent to the Stanton number in heat transfer St 
υ Re . Sc 
A (~* Λ 
Ζ _ = Re Sc — Equivalent to the Graetz number G z 
TC ' p . D . L ' χ 
3 ~ a / % (L ­ p g / μ ) β Δ Τ Grashof number 
2 . 3 . 3 The Flow on Flat Plates and in Tubes 
We have seen that before i t is possible e f f i c i en t l y to perform the c a l c u l a t i o n o f concect ive 
mass transfer i t is essential to know the character ist ics of the boundary layer through which 
the transfer takes p lace when a f l u i d is f l ow ing along a sur face. These charac te r i s t i cs 
(mainly the thickness) o f the layer can be obta ined by solv ing e i ther the d i f f e r e n t i a l equa­
tions of the boundary layer equat ion (2.37) or by solving the momentum equa t ion for the 
boundary layer ( 2 . 4 2 ) . For the laminar f low on f la t p late and in the tube both solut ions 
have been done and are in good agreement. Í2 .291 
A l though in our equipment we are only concerned w i th f low in tubes, we need the f l a t 
p la te solut ion for two reasons 
1 . in laminar f low w i th a short in le t section the solut ion app l i cab le to the f l ow on a f lat 
p la te is also app l i cab le to the f low in a tube as long as the boundary layer th ickness 
is smal 1er than ­=­ . 
2 ­ in turbulent f low the solut ion for fu l l y established f low in a tube can be eas i l y e x t r a ­
po la ted from the ca lcu la t ions performed for the f la t p l a t e . 
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2.3.3.1 The Boundary Layer on a Plane Plate in Longitudinal Flow 
2 .3 .3 .1 .1 The Laminar Portion of the Boundary Layer 
The laminar boundar layer equation for a f lat plate, at constant pressure and in 
steady state has been solved by Blasius [2.30] 
We give below the development of the momentum equation for the boundary layer 
(2.42) which gives a solution in good agreement with the exact solution of the 
laminar boundary layer. For the streamline boundary layer the relation of υ as 
function of y is in line with experimental measurements of the type 
υ = a + by + cy 2 + dy3 (2.69) 
wi th the fol lowing boundary conditions 
υ = o non­slip condition at y = o 
2 2 υ —Ö o = o derived from the boundary layer equation fory ­ o (2.37) 
This condit ion physically means that ( 4 — ) = c s t or that the viscous drag 
f 7 / 3 y y = 0 
of the f lu id must be constant in y direction near the surface, 
at y = δ 
¡}u because the Velocity profi le should join smoothly the region of u ^ = 
3 y constant at distance 0 
With these conditions the coeff icient of the velocity profi le equation are found 
and equation (2.69) becomes 
ϋ= 3 . Χ - ] / 2 ( X ) 2 (2.70) 
υ«, . 2 5 0 
The velocity gradient at the wall is 
(du ) = ! _ ^ o _ (2.71) 
(3y j y = o 2 δ 
The shear stress at the wall is 
By ' y = 0 2 ' δ \ = μ· <&>„  „ = Τ - r - - n
 ( 2 · 7 2 ) s 
W l 
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th equation (2.70) and (2.72) the momentum equation resolves to 
2 
or 
39 
280 Ρ 
δ . ¿δ 
db . 3 
dx " 2 
140 
13 
The integration gives 
Ö = 4.64 1 ν -
x 
Uoo 
+ const. 
dx 
The integration Cst = o if χ is measured from the leading edge. 
In dimensionless form 
Ö = 4.64 
x ZJTê 
The local shearing stress at the surface at point χ is 
υ 0.323 . Ρ . υ' 
μ · r- = rnsr' 2 . μ . . g 
the local fr ict ion coefficient defined as — s—2 ­ f p. u 
f ­ I_ s _ ­ 0 ;34 3 
The average fr ict ion factor along a plate is the integrated average 
ι Λ 
f = ­ / f. dx 
y χ / o 
f 0.646 Re 
(2.73) 
(2.73) 
(2.74) 
(2.75) 
(2.76) 
(2.77) 
(2.78) 
N .B . Other friction factors are used in the literature such as Fanning or Darcy 
fr ict ion factor = 
f■ = o L c f » ­ 8 . X 2 · Ρ " ? f - J-.X 
2.3.3.1.2 The Turbulent Boundary Layer 
In the turbulent boundary layer the velocity profile is much more curved than Ín 
the laminar boundary layer and is described fairly well by the equation "Blasius 
­ 5 9 
equat ion" -, 
u = ( y y · uoo (2.79) 
The shear stress is also given by the Blasius expression val id for Re not exceeding 
7 x 
10 
X = 0.0228 . p . i £ ( ­ Y _ ) 1 / 4 (2.80) 
b uoo· 0 
By introducing these values of υ and X in the momentum equation and solving 
for Oone obtains 
5 = 0.376 . x 0 ' 8 . ( ­ V ­ ) ° ­ 2 5 + Const. (2.81) 
JoO 
In accordance wi th Prandtl the expression (2.81) agrees fair ly wel l with the boun­
dary layer thickness measurement i f the const, is taken equal to o, which means 
that the thickness of the burbulent boundary layer behaves as it begins at the lea­
ding edge with a zero thickness. This is only an approximation because the turbu­
lent boundary layer is preceded by a laminar layer which is thinner as well as by 
a transition zone. 
In the dimensionless form (2.81) becomes 
5 = 0.376 
χ 0.2 (2.82) 
(Rex) 
The laminar sub­layer; for the mass transfer calculation it is necessary to know the 
thickness of the boundary sub­layer as mentioned in paragraph 2 . 3 . 2 . 5 . We ca l ­
culate first the velocity u. at the edge between the sub­layer and the turbulent 
layer. In the thin sub­layer the shear stress is constant and the velocity profi le can 
be considered as l inear. The shear stress is given 
τ ­ 3 u ­ u 
X ­ υ . ^ — ­ υ . — 
s 3 y y 
Introducing the value X from equation (2.80) 
υ = 0 . 0 2 2 8 . ? . ¿ ­ ( ­ ^ ) 1 / 4 ^ 
solving for y and taking info account that 
for y =0 υ = υ. 
S i ­ υ ι · 1 t ì ) 0 · 7 5 
I '­ ­ υ¡7 0.0228 · [ ζζη ' 
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on the other hand by equat ion (2 .79) 
I1 (-ι-)7 uoo 
Equating both expressions we get 
ü|_ = ! .878 . ( ­ ^ ) 1 / 8 
Uco u ^ ­ 0 
By equat ion (2 .81) the value of χ can be introduced in the equat ion 
­ I ­ = 2.12 . ( ¥ 
Uco Uoo · x 
0.1 2 . 12 
(Rex) 0.1 
( 2 .83 ) 
The sub­ layer thickness is then 
κ κ 190 71 .5 
I ■ (Re0)' 7 (Rex> 0 . 9 
( 2 . 8 4 ) 
, κ · . 0­1 ­ 0 . 9 , c­ . 
It can be seen t h a t O , is proport ional to χ and to u^­, t h u s O . increases 
s lowly w i t h χ but decreases sharply w i th u ^ . Consequently mass transfer w i l l i n ­
crease rap id ly w i t h ve loc i t y in the main stream. The local shear stress at the w a l l is 
g iven by 
2 M­ · u i 
6| 
0.0296 
(Re 0.2 
■P oo (2 .85 ) 
The to ta l f r i c t i on factor on the plate is obta ined by adding the average f in the 
y 
laminar boundary layer up to χ and the f of the turbu lent layer from χ to χ 
cr _ ' cr 
χ 
— χ / o x cr 
0 .323 
T ^ e ­ 1 χ 
r* 
+ χ ­ χ 
0 .0296 
cr 7 c r (Re ) 
χ 
0 . 2 (2 .86 ) 
2 . 3 . 3 . 2 Flow through a Tube 
As already po in ted out in the in le t section of the tube the boundary layer g radua l l y 
increases in thickness from the entry point up to the distance χ where the boundary 
layers formed at the wa l l are so th ick that they join in the midd le o f the t u b e . 
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Fully developed flow then ¡s obtained. 
Along the entrance region trie velocity profile is gradually formed. The velocity 
υ,*, at the axis gradually increases to reach the value of the established f low. 
The properties of the boundary layer in the inlet region in laminar flow can be c a l ­
culated using the expressions established for the flat p la te. For the ful ly established 
laminar flow an exact solution of the Navier Stokes equations is possible, and gives 
the characteristics of the so called Poiseuille f low. For the ful ly developed tur­
bulent flow the expressions applicable to the flat plate can be used, but the th ick­
ness of the boundary layer should be replaced by ■=■ . It is also normal practice to 
Γλ A 
use the average veloci ty υ = —— - j j instead of the velocity υ to . 
The quasi­ stabil ization lenght can be calculated for a laminar boundary layer equa­
tion (2.75) 
^s= 0.0288 .Re (2.87) 
d 
For a Re = 3,000 the whole entrance region is laminar, the entrance length being 
* 100 d . 
Above the cr i t ica l Re the boundary layer becomes turbulent in the entrance region 
cr 
and thickens more rapidly, so that the entrance length is at first decreased down to 
40 d in the turbulent flow but then starts to increase again. 
2 . 3 . 3 . 2 . 1 Fully Developed Laminar Flow 
By consider ing the equil ibrium between the viscous and pressure forces on a 
cyl indr ical element of f lu id in a ful ly developed laminar flow one finds an ex­
di pression for the ­¡— which by integrat ion gives the velocity profi le Fig. 2.12 r dr 
The non­slip condition giving the boundary condition at the wall 
d Ρ , n 2 2 
υ ­ ­ (R ­ r ) (2.88) 4 . μ . dx 
The veloci ty thus varies parabolically across the section with the maximum u^at 
at th e axis. 
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d 2 dP 
u ° ° " 16 μ ' dx 
Wi th this parabo l ic p ro f i l e the average ve loc i t y is 1/2 the Uoo 
(2 .89 ) 
υ - 0 
T T . d 2 
H-4 = 1/2 Uoo (2.90) 
The shear stress is 
X = 8 Re" 1 . ρ . υ 2 ( 2 .91 ) 
s ' m 
2 . 3 . 3 . 2 . 2 Ful ly Developed Turbulent Flow 
A l l the equat ions expressing the boundary layer character is t ics on the f l a t p la te 
ho ld true for the f low in a tube i f the boundary layer thickness δ and the v e -
j 
l oc i t y u ^ are rep laced by the radius ~ and the ve l oc i t y at the axis respec t i ve -
l y . 
The Prandtl seventh power becomes in this case 
u = U c o ( ϊ ) ] / 7 ( 2 .92 ) 
The averag ve loc i t y υ ca lcu la ted w i th such a ve l oc i t y p ro f i l e is 
m 
υ = 0 . 8 2 υ 
m oo (2.93) 
In p rac t i ce the mean value is smaller than 0 . 8 2 u ^ because the seventh power law 
is not app l i cab le in the laminar sub- layer . I f , in the expression of the shear, the 2. 
ve l oc i t y p ro f i l e and the thickness of the sub- layer the ^ a l u e s d a n d u are used one 
m 
obtains from equations (2.82) and (2 .85) 
( 2 . 9 4 ) 
( 2 .95 ) 
χ = 
s 
υ 
m 
?--■ 
0.0384 
(Re) 
2.44 
R e 1 / 8 
63.5 
Re ' * 
• P . υ 
1/4 m 
(2 .96) 
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2 . 3 . 3 . 2 . 3 F r i c t i on Factor in Pipes 
For s t a b i l i z e d f l ow i t is exper imen ta l l y shown that the f r i c t i o n fac tor is a func t ion 
not on l y o f Re as discussed in the previous paragraph, but o f 
p 
­τ r e l a t i ve roughness of the p ipe 
f = I s ­ = f ( § . -mJLÍ) p. υ m 
Stanton and Panne l l , and later on Moody [2.31 ] [2 . ^21 p l o t t ed the func t ion 
XS ~ ρ ­ 2 as func t i on o f Re and the curves ob ta ined for d i f fe ren t / d cover a l l η . υ ' 
r m 
f l o w cond i t i ons i r respect ive o f the type of the p ipe d iameter and the v e l o c i t y . 
See F i g . 2 . 1 3 This graph covers; 
2 ­ 1 
­ the laminar region Re 2000 and X /ou - 8 Re as shown by equat ion 
S j ' I H 
(2 .91 ) 
­ the t rans i t ion or c r i t i c a l region 2 0 0 0 < R e <c3000 is cha rac te r i zed by an i n ­
~ 2 s t ab i l i t y o f the measured X / u u s r m 
­ the tu rbu len t region 3000<Re; the f r i c t i on factor is a func t ion o f Re and £ / d ; 
the curve for a smooth p ipe should compare w i t h equat ion ( 2 . 9 4 ) . 
­ the quadra t ic region when the f r i c t i on factor is endependent o f Re and is on ly 
a func t ion o f £ / d 
2 .3 .4 Theore t ica l and A n a l y t i c a l Expression of the Mass Transfer C o e f f i c i e n t 
We are in terested in f i nd ing the ana l y t i ca l expression g i v i n g the mass transfer c o e f f i c i e n t 
in the f o l l o w i n g cases corresponding to tests performed 
a) Local and average mass transfer c o e f f i c i e n t in a tube at constant concen t ra t ion 
C = 0 s 
1 . in laminar f l ow w i t h non establ ished v e l o c i t y and concen t ra t ion p r o f i l e . 
2 . in tu rbu len t f l ow w i t h non establ ished v e l o c i t y and concen t ra t ion p r o f i l e . 
b) Average mass transfer c o e f f i c i e n t in a tube at constant concen t ra t ion C = 0 
1 . in laminar f l ow w i t h establ ished v e l o c i t y p ro f i l e and non establ ished concen 
t ra t ion p r o f i l e . 
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2. in turbulent flow with established velocity profile and non established con­
centration prof i le. 
2 .3 .4 .1 Local and Average Mass Transfer Coefficient in a Tube with C__ ­ 0, wi th non estab­
lished Velocity and Concentration Profile in Laminar Flow 
In the inlet region of a tube, as long as the thickness of the laminar boundary layer is 
small compared to the radius of the tube the equations of the flow on a f lat plate can 
be used. 
We give below the solution of the flow on a flat plate obtained by the integration of 
the "Mass flow equation of the boundary layer" (2.43). The exact solution of the laminai 
boundary layer energy equation (2.38) was obtained by E. Pohlhausen in 1921 and is 
in good agreement with the result of the approach method based on the heat flow equa­
tion of the boundary layer. Consequently a similar exact solution of the boundary layer 
mass equation (2.39) could also be found and the result would be in good agreement 
with the solution of the "Mass flow equation of the boundary layer" . 
If one considers a plate in a flow on which mass transfer starts at a distance χ from 
o 
the leading edge, the velocity and mass transfer boundary layer are established as 
shown in Fig. 2.3 · The following conditions at l imit are used 
y =<* C = Cœ and ¿ ^ =o 
d y 
= const, or ( S—r. ) = o 
Oy y = o 
y = o 
and 
C = C s 
D . ( ^ C ) 
d y y = o 
and should f i t to a concentration profile of the type 
2 3 
C ­ a + by + cy + dy 
By introducing the relative concentration te rm 
C ­ C­C and £oo= Coo ­ C - . . . . - O O 
5 S 
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one finds the concentration distribution 
e = ^ -4 -<¿Ae 2^ Τ v 5 ~ ; /* c ° ° (2.98) 
w ith 
(§_£.) = 3 C°Q' (2.99) 
l 3 y j y = o 2 δ 
c 
This value of C and υ as defined in (2Λ8) and (2.70) may be introduced in the mass 
δ c flow eqaut ion. It is assumed that the ratio 0 = ­ ~ _ _ . < 1 and consequently that the 
0 
integral of equation (2.43 ) is zero outside the mass transfer boundary layer. 
One finds the differential equation 
0 3 + 4 ­ . χ . J 2 Ì = " I ­ . ' (2.100) 
ο a^  χ 14 Sc 
The solution of which gives for the boundary conditions 
Ί 
_ J . 3 ι _ ( * e } 3 / 4 (2.101) 
o; 1 V x 
T/Sc 
If the mass transfer starts from the beginning of the plate then 
Α π - ] (2.102) 
χ = o and O - x ' 
Sc 
These calculations have been performed assumingO<l which is the case for S o l 
The mass transfer coeff icient k at the location χ can be defined as 
ex 
(2.103) 
A cx s °° ex N A = k . „ ( C . - C « , ) = - k ■£„ 
on the other hand the mass transfer rate per unit area 
"Α­­·><φ, = ο ­ ­ ^ · ε ­ ­ § o V e ­ (?,04) 
equating fc. 103) and (2.104) o n e ^'mds 
k = 3 D 
C X 2 Ò ' ° (2.105) 
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SubstitutingÖ andÖ by their values in (2.101) 
1/3 
^ - ^ • T W ^ - O - ^ V * <2·,06> 
or in the dimensionless form 
K - -K^i - 0.332 . Sc ' * . Re / 2 . ­ ^ ^ ,/3 < 2 ^> 
For χ o 
1/3 o 1/2 (2.108) Sr = 0.332 . Sc ' .Re 
χ x 
The mass transfer coefficient has an infinite value at the leading edge χ = 0 where 
the thickness of the boundary layer is zero, afterwards the ^ value decreases with 
increasing boundary layer thickness. 
The averaqe k ­ over the distance χ is given by ex 
k ­ = — / k .dx = 2 k (2.109) 
cx χ Jo c cx 
which means that average mass transfer coefficient from χ = o to χ equals twice the 
value of the local mass transfer coefficient at the distance χ 
2 .G.4.2 Local and Average Mass Transfer Coefficient in a Tube with C = 0, wi th non establish 
s -~ 
Velocity and Concentration Profile in Turbulent Flow 
Owing to the complicated flow condition the theoretical determination of the mass 
transfer from a f luid in turbulent flow through a tube is much more d i f f i cu l t than in 
laminar f low. Latzko[ 2.33]devoted to the heat transfer problem a thorough theoreti­
cal investigation. He started from equations and concepts similar to those of equation 
(2.47) io (2.4?) defined in paragraph 2 .3 .2 .4 . 
He derived expressions for the heat transfer coefficient in the inlet section of a tube. 
Wewill merely transpose the equations to the mass transfer problem. 
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Two regions have to be distinguished, first: the region where the boundary layer is 
d d 
smaller than ­~ and second: the region when5>·^ ­
2.3.4.2.1 For Distances smaller than χ 
0.25 (2.110) τ <~ -T = 0.625 Re ' where χ is the establishment length, that, is 
the distance from the inlet to the point where the concentration distriubtion has at­
tained its ful ly developed form. The fol lowing equation is proposed 
k cx 
= 
0 
0 
0384 
0384 
G . 4 
,2 TC. d . 
υ m 
P Re° 
Tc χ 
.25 
Β' 
χ Β' = k (2.111) 
C OG 
0.25 
where 
B' = 1.143 ­ 0 . 0 3 2 ξ + 0 ' 0 0 1 4 8 g
 1 , B 6 5 
1.340 (4ξ 2 ­ 22ξ + 1 6 5 ) 3 / 4 . ξ 1 / 4 [ î ­ 0 . 1 3 3 +0.024ξ 2 +(o .00148^ '¿ό 50.032ξ) 
(0.52! I- 0.14 fj] 
ane 
- β . Μ 1 .Re­ , /5.Ä4/_?0.048.Re­2/5(5)8/5+0­'^.Re­3/5(5) ,2/5 
Κ d d d 
jr as the relative thickness of the boundary layer. 
The average mass transfer coeff icient between inlet and χ is given as k 
­0 .275 
cx 
k ­ = 1.11 . k cx c°o R e " ' /
5 . <|> 4 / 5 (2.112) 
2.3.4„2. 2 For Distances bigger than χ 
χ - ^ χ - Λ ¿ος D 0.25 -τ ~?> —.c = 0 . 6 2 5 Re d d 
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k c ­ = 0.0384 ­ R m ^ 2 5 
0 . 1510 χ 
0.25 * d 
2.844 
Re Re 
0.25 ' d 
0 .874£ + 0 . 0 2 9 8 ¿ 
0.1510 2.844 
0 . 8 7 3 £ ~ 0.25 * d + 0 . 0 0 6 8 é r p 0 . 2 5 ' d Re Ke 
The corresponding average mass transfer coefficient between inlet and χ is given by 
k _ = k ( 1 + 0 . 1 4 4 R e 0 , 2 5 — ) 
CX COO χ 
(2.113) 
"2.3.4.3 Average Mass Transfer Coefficient in a Tube with established Veloci ty Profile and non 
established Concentration Profile in Laminar Flow 
This problem is similar to the one treated by Graetz [ 2 . 3 4 Ί and then by Nusselt [ 2 . 3 5 ] 
for the heat transfer. In this case the sample at uniform temperature was assumed to be 
preceded by a tranquil ization length and the parabolic velocity profi le was fu l ly estab­
lished while the gas temperature profile was uniform at the inlet of the sample and diffe­
rent from the tube temperature. A similar reasoning can be performed by replacing the 
temperature profile by the concentration profile. In our case however both 
temperature and concentration profiles are established simultaneously but 
as mentioned earlier the heat transfer profile influence only the mass transfer process by 
its effect on the gas properties. This is taken care of by selection of the right reference 
temperature for the calculat ion. 
In this case the differential boundary layer for mass conduction transformed into polar 
coordinate is 
udç=o ( 3 C + j _ 5_ç T~x J 
92C , HT2' (2.114) 
This equation can be further simplified owing to the fact that the concentration gradient 
in the axial direction is negl igible, and consequently ­ "C = 0« 
The υ profi le is known, see equation (2.88). The solution of this differential equation has 
been performed by separation of variables, assuming that the concentrations can be 
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expressed as a product of a function depending only on the radius and another one depen­
ding on the axial locat ion. It is found that the concentration­difference C decreases in 
the axial direction in the same way as an e funct ion. The concentration variation in the 
radial direction is described by Bessel functions., Fig. 2.14 illustrates the type of concen­
tration prof i le existing in the entrance region of the tube. 
For a constant wal l concentration the profi le changesin the χ direction continuously. In 
the fu l ly developed region, however, this change occurs in such a way that the profiles 
at all χ stations along the tube are similar to one another and that only the scale changes. 
Fig. 2.14 shows this condition beyond a value of (1/Re . Sc) . ­r = 0.05 or Gz = 200. 
d 
The analyt ical expression calculated for the integrated mass transfer up to a distance χ of 
the entrance is given as 
M = T t r 2 . υ . CM ­0 .820 e" " V ­ 0 . 0 9 7 2 e" m | X ­0 .0135 e " m 2 X ) m °° ' 
th mn = ! ­ £ ­ . P and ßQ = 2.705 
β = 6.66 
witn m 
r ο υ m 1 
fe = 10.3 
M ­ total amount of material mole/s transferred 
3 
C ­ concentration at the entrance mole/cm 
oo 
The cup­mixing or bulk concentration at any position χ is given by 
^ m ­ = 0.820 e " m o X +0 .0972 e " m | X + 0 u 0 1 3 5 e " m 2 X 
o 
With these elements in hand i t is possible to calculate the mass transfer coeff icient at 
any posit ion. 
The numerical computation has been performed by R.H. Norris and Al [2.36 J 
The transposed results for mass transfer are presented in Table 2„2and Fig.2.15 in the 
k d i r 4 G _ D c d . . , 
form of Sr = ­ c=^— versus the dimensionless factor — χ ρ r_ _ K e · b c · yj / which 
is nothing other than the Graetz number. 
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The numer ica l values were ca lcu la ted for ^._d using G r a e t z , equa t ion up to G z = 150 
and for G z > 2 0 0 0 using Leveque approximat ion [ 2 . 3 7 ] (ext rapolated form the Leveque 
solut ion for a f l a t p l a t e ) . For the intermediate values of G z (150 to 2000) a l i near inter­
po la t ion on the l og ­ l og p lo t was used. This combinat ion corresponding to the f o l l o w i n g 
equat ion 
S r ^ l . é l S G z ^ ^ . ô l S R e ^ . S c 1 / 3 . ^ ) 1 / 3 (2 .115 
is the one w h i c h y i e l d the best p red i c t i on . The concentrat ion d i f fe rence used for the cal­
cu la t i on is the ar i thmet ic mean concentrat ion d i f ference 
-c°4^- - c, 
The temperature to be used in the ca lcu la t ion should also be 
τ­ i o 4 l · s 
The results of ca l cu la t i on based on the log mean concentrat ion are also presented in 
tab le 2.2 and in F i g . 2 .15 . 
( C ­ C n ) ­ (C τ C ) log mean concent ra t ion ­ — s — ρ — U —~ s L— 
In -p-s p=° — 
S ~ L 
In the range of G z used in the experiment 50 the ca l cu la t i on performed using the log 
mean temperature should g ive the same results as the ca l cu la t i on based on the ar i thmetic 
mean concen t ra t i on . 
2 . 3 . 4 . 4 Average Mass Transfer Coe f f i c ien t in a Tube w i th established V e l o c i t y Pro f i le and non 
establ ished Concent ra t ion Prof i le in Turbulent Flow 
In the same paper as already discussed in the paragraphs 2 . 3 . 4 2 Latzko [2 .33] de r i ved an 
equat ion for the local heat transfer coe f f i c ien t based on the local mean temperature i n ­
stead of the cup mix ing temperature. The average mass transfer c o e f f i c i e n t between inlet 
and distance χ is g iven by 
­ 7 1 
k ­ = 0 . 0 3 8 4 . υ o Ré cx m 
, ­ 1 / 4 1 +0 .067 R e 0 , 2 5 ­ + 
d /O. l 
2.7 χ 
p 0.25 " 0.25 * d Re „ e 
2.7 
0.9 R. 0.25 
29.27 
29.27 
R e0.25 
+ 0o023 Re 31.96 
0U25 
3 1 , 96 
Re 0­25 
which for ­γ > 5 reduces to d 
k = 0.0384 . υ . R e " 1 / 4 (1 +0 .067 Re° " 2 5 „ ­ ) cx m χ 
= k (1 +0.067 R e 0 ­ 2 5 . ­ ) 
coo χ 
( 2J16 ) 
For the case where the calming section preceding the test section is too short to have 
reached fu l ly established hydrodynamic flow Latzko offers an approximate graphical 
method which combines, the values calculated with no calming section and with very 
long calming sect ion. 
2 .3.4.5 Discussion on the Temperature and Concentration to be used in the Equations for Deter­
mination. of the Gas Constants 
As i t can be observed the various formulae proposed for the mass transfer coefficients 
are calculated either on the basis of local mean concentration in a section 
1 
ma 
C . 2TUr . dr (2.117) 
K àA J χ = 0 
or cup­mixing concentration 
f 
m 
iL - _L 
Q Q Jr = Û 
u.C. 2TIr „ dr (2 J 18) 
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or a r i thmet ic mean concent ra t ion 
r r C + C I ( 2 .119 ) 
C = C - — m o —χ— m L- \ · / 
a s l 
or Log mean concent ra t ion 
(C - C ) - (C - C ) 
C, = - s mo s m L - ( 2 . 1 2 0 ) 
C - C 
In — s mo— 
C - C . 
s mL 
In our exper iment , as w i l l be seen, the deplet ion of impur i t ies is n e g l i g i b l e a long the 
channel and consequent ly C - C , , wh ich result gives no d i f fe rence between 
mo m L 
C and C, . The d i f fe rence between C and C might be more s i g n i f i c a n t . But in 
a Im ma m 
the non establ ished concent ra t ion pro f i le deal t w i t h , i t is jmpossible to c a l c u l a t e d th is 
d i f fe rence and for the purpose of the ca lcu la t ion we only use C w h i c h is in f ac t the 
measured va lue by the gas analysis equipment . 
O n the other hand dur ing the mass transfer process heat transfer occurs as w e l l and 
there the d i f f i c u l t y is to f ind the r ight temperature at wh ich the gas proper t ies should 
be c a l c u l a t e d . 
We f ind i t l og ica l e i ther to use the bulk temperature wh ich is the average between 
the c u p - m i x i n g temperature at the in le t and out le t of the sample 
T + T ι — mo—^— m L— 
or the f i l m temperature wh ich we def ine as the ar i thmet ic mean between the w a l l 
temperature and the Τ 
m 
, Τ , + Τ_ 
+ — m L—^ mo— 
τ _ Τ + Τ Τ " ~ 2 
T f = - s — m - = - s » 
The use of this temperature w i l l be discussed in the chapter dea l ing w i t h the resul ts . 
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2.3.5 Experimental and Semi­Empirical Values of the Mass Transfer Coeff icient 
Although some experimental work has been performed by some workers on mass transfer tests 
aimed at correlation with the theoretical predictions, very few of these experiments reported 
in the l iterature can be specif ically compared to the flow and temperature condition dealt 
with in our experiments. We have therefore found suitable experimental results in the heat 
transfer f ie ld and transposed them as i f they were obtained in mass transfer tests. In the theo­
retical approach to the problem we have seen that both processes are similar; we are also 
trying to correlate our mass transfer results with semi­empirical equation applicable to heat 
transfer. 
Most of the results presented in the literature can be compared to the general formula 
Sr = A.Re a . Scb ( % , )c . f ( ~ ) . f (Gr) (2.121) 
^s 
with A , a, b, c constants to be determined experimentally, all the gas properties are intro­
duced at bulk gas temperatures. The three first terms on the right hand side are generally 
sufficient to take account of the cases of ful ly established flow with small temperature d i f fe­
rences. 
This equation is also val id for the flow in the laminar region. For tubes with long calming 
section, the theoretical equation is of the type 
Sr = A . (Gz) n = A'.Ren . Sc" . ( ­ )" (2.121) 
χ 
for the tubes with short calming section 
Sr = 0.664 . Re 1 / 2 . SC]/3 (2.109) χ 
which could be rewritten 
Sr = 0.0664 . R e ' / 2 . S c ' / 3 . d ' / 2 . < V / 2 (2.122, X 
but the use of equation (2.109) in the form (2.1 22) should be used with caution because it 
could be misleading. 
The corrective terms 
(■­Pi­n) is introduced to take into account the large temperature gradient which exists be 
^S Τ 
tween the wall and the gas. Some time this corrective factor is replaced by a factor (­­.s ­
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For the gases owing to the insensi t iva of their properties this correction factor is not 
too large. It could well be eliminated if the properties introduced in the dimensionless group: 
were the correct one. Some authors even recommend the use of two temperatures for the cal-
culat ion, e .g . use of the film temperature for all the properties and to use the bulk tempera-
ture for evaluation of the gas velocity [2 .38] . The best temperature should be the one whicli 
brings the smallest exponent to ( jym ) corrective factor. 
f ( - ) takes into account the disturbing effect of the entrance effect, 
d 
f (Gr) takes into account the effect of natural convection 
This corrective factor is important mainly in the very small laminar flow region. 
We present the summary of the information gathered in the literature in table 2 . 3 . 
2 .3 .5 .1 The Constant Mul i tpl icat ion Factor A: 
For the laminar f low: 
short calming section: the only experimental value measured by Jakob and Dow on axiai 
flow along the external surface of a cylinder gives a value 0.663, near enough to the 
theoretical one 0.664. 
long calming section: the value A proposed in the literature varies between 1.42 to l.£ 
at the exeption of the value proposed by Cholette 0.5 [2 .39J . 
In the turbulent f low: 
for the turbulent flow of gases through circular tubes the most commonly proposed value 
of A is 0.023. More recent values for A have been given which vary from 0.021 to O.OJ 
[1.5]. 
The Latzko theoretical value is 0.0384. 
2 .3 .5 .2 The Exponent of Re :a 
In the laminar region: 
short calming sections the coefficient 1/2 corresponds to the theoret ical ly predicted one· 
-75 -
but i t must be pointed out that this value has never been measured for f low in tubes 
but for f low on f lat plates only 
long calming section: the value of 1/3 proposed by most of the authors is in good agree­
ment wi th the curves which f i t the theoretical predictions by Graetz [2.34 ^jand Leveque 
Í2 .37~ ] ' o n ' y Cholette Γ2.39 l a n d Drew and Al [2 40] propose a different exponent. 
For turbulent flows 
most of the authors agree on a value of 0 . 75< 0 < 0 . 8 5 „ The value given by Latzko is 
0.75 
2 .3 .5 .3 The Exponent of Sc ; b 
Most of the proposed exponents for Se are between 0.3 and 0 . 4 . The value of 1/3 
being the most proposed. The Schmidt number being small, the resulting error in the 
wrong choice of b between 0.3 and 0.4 only y ie ld marginal error on the mass transfer 
coef f ic ient . Latzko proposes an exponent equal to one in his equations and this w i l l y ie ld 
too high results for S o l . 
2 .3 .5 .4 The Exponent of ( ψ. m— ) 
H- s 
The term (nm—) is introduced to take into account the large temperature gradient 
which exists between the gas near the bulk gas. Some time this corrective factor is given 
T c1 
under the form (­jS — ) . In the l i terature i t is often recommended to neglect this correc­
m 
t ive factor for the gases due to the relat ive unsensitivity of the properties to the tempera­
ture. But in the operating conditions where the temperature gradient Ís great one ought 
to use this corrective factor. It could be eliminated i f the properties of the gas are in t ro­
duced in the dimensionless groups at the correct reference temperature, some authors 
even recommend to use two temperatures for the calculat ions, for example use the f i lm 
temperature for al l the properties and the bulk temperature for evaluation of the gas 
veloci ty [ 2 . 3 9 ] 
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The recommended exponent by most of the authors for 
i ^ m - is - 0.14 
[is 
The recommended exponent for 
(-f- ) 
m 
in turbulent flow with air, varies, from - 0.25 to - 0.575 while for He i t varies 
from - 0.185 to - 0 .73. 
Dalle Donne [ l .5 ] who performed heat transfer tests with He and air recommend the use 
of the corrective factors 
, Τ . -0 .255 . . , , Τ . -0.180 
( - s - ) for air and (-^ s—) ror He 
o o 
based on the ratio between the wall temperature and the inlet gas temperature in lamino 
J 
Τ 
m 
that the discrepancies of the c' coefficient is very large. 
flow the exponent of -^ s— varies from - 0.30 to 0 .13 . One can summarize by stating 
V 
2 .3 .5 .5 The function -r 
d 
This function is introduced in order to take into account the flow conditions existing at 
the entrance of a tube. 
In the laminar flow 
1/2 for the short inlet tube:; this function for f lat plate is included in the (Re ) term as 
predicted by the theory,see equation (2.109) 
for the long inlet tube:'this function is ( - ) for the region Gz > 10. 
In the turbulent flow 
the corrective factor is introduced under two forms 1 + f. ( - ) or ( - )n These two 
1 χ χ 
types of function correlate the results well for the small χ values but for x-»-«>the 
second type of function would yield the absurd result Nu = 0. 
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2.3.5.6 The Function f (Gr) 
This function is introduced mainly in the laminar flow to take into account the effect 
of natural convection which becomes important at the small flow rate in vertical tubes. 
Most of formulae proposed are val id for l iqu id . The expression developped by Mart inel l i 
et al [2.4IJ is analyt ica l ly derived and is 
The dimensionless factor F, and F_ are dependent on the ratio —L—= o 
1 2 Ta 
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3. EXPERIMENTAL TECHNIQUES 
The objects of the tests is to provide experimental values of the mass transfer coeff ic ient which 
could be compared with the values predicted by the theoretical and semi-empirical expressions 
of the previous section. 
It is convenient first to consider the experimental variables and available technique for measure­
ment of the mass transfer coefficient before going into a detailed description of the experimental 
equipment used for the tests. This way of proceeding enables the reader to appreciate the com­
plexity of the problem and the siutabil i ty of the equipment to perform the tests. 
3.1 Experimental Variables 
We have seen from paragraph ( 2.3.5 ) that al l the formulaefor calculation of k can be con 
veniently presented in the fol lowing form 
k = A-Rea-sA-fpf-f(£)-f(Gr).£ μ , K d , n ^ , - T 
k c = A ^ < ^ ) b < t , C , ( T ) W r ' T 
which depends on α certain number of "secondary variables" which are the dimensionless 
grouping Re, Sc, Gr , — , ff~ and on the diffusion coeff icient D. On the other 
hand the variables which are directly available to the experimentalist are the nature of the 
sample, the geometry ( χ and d ) of the sample, the mass f low rate ( G ) , the temperature 
( Τ, Τ ) , the gas composition ( ρ , | i , D ) and the pressure ( Ρ ) . 
The change of one of these experimental variables may influence more than one of the "se­
condary variables". Table 3.1 summarises the f ie ld of influence of each of the experimen­
tal variables. In this table the influence of one of the "experimental variables" ( the others 
remaining unchanged ) on each of the secondary variables is indicated in the appropriate 
column by the property through which the effect occurs. For instance, the gas composition 
affects the Re by the change of the viscosity μ if the mass f low and the geometry are un­
changed. 
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3.1.1 The Graphite Sample 
The type of graphite used does not affect the measured rate of mass transfer, but the 
chemical react iv i ty and the pore structure may affect the transition point between the 
various oxidat ion regimes as defined in F ig . 2 . 1 . The influence of the presenceof cata-
lyst such as Fe, Va and N i on the frequency factor of one given type of graphite can 
be seen in F ig . 3.1 . For our tests we should use graphite gas reaction rate presenting 
a transition point to the mass transfer controlled region at a temperature as low as 
possible to avoid operating at very high temperature. For instance the use of CO - C 
reaction would require a sample temperature 200 to 300° C higher than the ( 0 - C ) 
reaction to be mass transfer control led. Another important factor which should be care-
fu l ly checked is the change in the react iv i ty of the graphite with burn-off ( as seen in 
F ig . 2 .2 ); this may affect the calculated k k 
if the reaction does not proceed ,c = 
e x P | | | 
c k 
far enough in zone III or in the " l l 
fu l ly mass transfered controlled exp 
reaction region. 
3.1.2 The Geometry of the Sample and of the Test Section 
y 
The geometry of the sample influences the Re, Sr, the f (~¡-) and Gr number by 
the intermediary of d . We perform tests with 8 mm bore channel housing a sample 
6 mm or 3 .6 mm in internal diameter . The geometry and the length of the upstream 
channel influences the local mass transfer coeff icient in the non stabilised ve lo -
ci ty and concentration profi les. 
3 .1 .3 The Gas Composition 
We have selected one reacting impurity 0„ for the tests, but the carrier gas 
has been changed. 
Owing to the small concentration of 0 used, at the most 1000 \1 afm, we 
use the carrier gas properties in order to calculate the Re, the Sc, the Gz 
and Gr numbers and the diffusion coeff ic ient. The properties of He used for the 
calculat ion are given in fable 3.2 and Fig. 3.2 . The density values 
were taken from the "Metals Handbook A . S . M . E . " [ 3 . l ] , the viscosity was 
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taken from Keyes [ 3 . 2 ] , the thermal conductivity and Prandlt number were 
derived from a private cormunicat i ­n by Dr. Marien [ 3 . 3 ] based on several 
documents [3.4; , [3.5] , [3 .6 ] . The viscosity values used in the ca l cu ­
lation are ¡n good agreement with those obtainable in Landolt­Börstein [ 3 . 7 ] 
and in ref. [ 3 .3 J . 
The diffusion coefficient has been calculated using equation ( 2.26) from Hirsch­
feld e t a ! [ 2 . 9 ] . 
The Nitrogen properties presented in Table 3.3 and Fig. 3.3 have been 
taken from the DRAGON Data sheet based on the "Tables of thermal properties 
of Gases" by The National Bureau of Standards. [ 3 . 8 ] 
A comparison of Fig. 2.5 with Fig. 2.6 shows the influence of the gas com­
position on the Diffusion coefficient of 0_ in the He and N „ . In Figs. 3 .4 and 
3.5 one can compare the Re resulting from similar mass f low of He and N „ in a 
6mm diameter channel. The Schmidt number used for the calculation for He and 
N is 1.704and C.528 respectively. 
3 .1 .4 The Flow Rate 
The flow rate influences the Re. In Figs. 3.4 and 3.5 the relationship be­
tween mass flow rate and Re is given for He and N_ in a 6 mm diameter channel 
3 .1 .5 The Temperature 
The gas temperature is a very important variable^ since if affects the term 
■£p the Re, the Gr and the diffusion coeff ic ient. In non isothermal tests 
(gas temperature different from sample temperature) we have seen from para­
graph 2 .3 .4 .5 , that several choices can be made for the gas temperature, 
either the f i lm temperature T( or the bulk temperature T . The choice 
Li m 
should be made with a view to minimizing the ( ­ f p ) C correction factor in 
equation ( 2. l/ ' l ) . The influence of gas temperature on the diffusion co­
efficient D and Re for He and N are shown in Figs. 2.5 , 2 .6 , 
3.4 and 3.5 respectively. 
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The sample temperature is less important var iable, in our investigation. The 
main requirement should be that the sample temperature be well above the 
temperature of transition between zone II and zone III of the graphite 
oxidation ~ 700 C, for 0 carbon reaction in 20 atm He. The sample tem­
perature of course affects the T, the correction factor ( -77—)° and the Gr . 
M-s 
3 . 1 . 6 The Pressure 
The pressure influences the D and the Gr . The effect of pressure on the 
D is shown in F ig. 2.5 and 2.6 . It may be observed that the Sc is 
not affected by the pressure nor by the temperature change because the 
influence on ρ and [J, is offset by the influence on D. 
3.2 Experimental Techniques 
Several techniques are avai lable for measuring the graphite oxidation rate. These techniques 
give experimental rates expressed per unit geometrical surface of the graphite in contact with 
the gas. The plot t ing of these rates in an Arrhenius diagram clearly shows the transition between 
'exp... and exp. . . Knowledge of these experimental rates leads to the determination of the 
111 I I ι 
mass transfer rate by e x P| | i 
k c = T ^ k ~ 
e x p l l l / k 
exP|| 
3.2.1 Weight Loss Measurement 
The weight loss measurement, in which the weight of sample is determined before and after 
the test is on obvious technique to be used in the experiments. The reaction rate can be 
calculated from the weight loss by faking into account the duration of the test, the con­
centration of the impurity maintained and the surface of the sample. However, this tech­
nique suffers from the fol lowing drawbacks: 
1 . The degassing and regassing of the sample can affect the weighing accuracy. 
2 . The weight loss measurement is affected by the removal of dust by erosion. 
3. To reach measurable weight loss the equipment must run for a long period rendering 
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the experiments t ime-consuming and also requ i r ing a per fec t cont ro l of a l l the va­
r iables over long per iods. 
4 . The removal of the sample from a pressurized loop for we igh ing is a ve ry d i f f i c u l t 
ope ra t i on . 
O w i n g to these drawbacks the method is on ly used occas iona l l y to con f i rm the accuracy 
of the gas analysis methods described be l ow . In F i g . 3 . 6 we g i ve t y p i c a l a Arrhenius 
p l o t t i ng of results obta ined in C . E . N . Mo l [ 3 . 9 ] for thermal reac t ion be tween CC>2 , 
0 and g raph i te . The rates are based on the we igh t loss measurement. It can be seen 
that the 0 carbon react ion enters in zone II I a t ~ 750 C in 10 atm H e . 
3 . 2 . 2 Gas Analysis Methods 
These methods const i tutean a t t r ac t i ve way of measuring the exper imenta l rates by de-
terming the change in gas composit ion resul t ing from the react ions w i t h the g raph i te . 
Gas analysis methods can measure instantaneous rates of r e a c t i o n . From the var ious 
gas analysis methods ava i l ab le we have selected the " M u l t i - p a s s - d e p l e t i o n me thod " . 
The Mu l t i - pass -dep le t i on method 
A t the high f l ow rate requi red for the tests,the gas composi t ion change a long the 
specimen is neg l i g i b l e but one can use the mu l t i - pass -dep le t i on method w h i c h c o n ­
sists in the measurement of the rate of disappearance of the ox id i s ing impur i t y and 
the bu i l d up of the reac t ion products when the gas is r ec i r cu la ted in a c losed loop 
on the sample. The rate of decrease in the concent ra t ion of the ox id i s ing impur i t ies 
depends on the exper imenta l reac t ion ra te , on the loop vo lume and on the leak rate 
out of the l oop . 
For a react ion of the type 
A + C — 2 Β 
the instantaneous decrease in concent ra t ion of the ox id i s ing impur i t ies is g i ven by 
[ 3 . 1 0 ] 
k Ρ 
ψ · s r 
"θ 
o m o 
d Z - - ι e x P ' s m j qo A,\ , o τ \ 
_ _ _ (__r . _ _ + i _ . dt) . z ( 3 .1 ) 
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the Instantaneous bui ld­up of the reaction products is given 
k 
dY _ 9 ¡ exp · s · Ζ Pm _ go 
dt Vo ' θ Vo ' Y ( 3 · 2 ) 
m 
Ζ is the molar fraction of the oxidising impurity A 
Y is the molar fraction of the reaction product Β 
3 
Vo is the volume of He in the loop in cm at N . T . P . 
qo is the leak f low in crryÇat Ν . T . P . 
2 s is the reacting surface of the sample in cm 
k is the reaction rate constant cm/s 
exp 0 Ρ Τ pressure in atm, and temperature in K in the reaction chamber mm 
θ - Tm 
m ~= 
T o k Ρ 
ir -ir· η - exP ' s m j Ω go If we define OL = r1: · —τ and h = —­^  
Vo θ r Vo 
m 
These di f ferent ial equations can be solved for the fol lowing boundary condition 
t = t 0 Ζ = Zo and Y = o 
The solutions are 
Z = Zo - e - < a + ß } ' (3.3 ) 
and 
Y = 2 · Zo · e " ß f ( 1 ­ e _ C t t ) ( 3 . 4 ) 
The leak f low can be eliminated from the equation by dividing ( 3.4) by( 3.3) and 
the combined equation is 
in ( ι + 2YZ ) = a t 
or 
Vo · θ 
k =,_!_. In t1 + X J ­ · ¡JÜ­ (3.6) exp t 2 Ζ s · Ρ m 
Parasitic oxidation can occur with the hot structural components of the furnace and the 
stoichiometric balance of the reaction can be upset. A convenient way of checking 
γ 
the stoichiometry of the reaction is obtained by plott ing In ( 1 +Yj} a 9 a ! n s ) ' f 
which should give a straight line in the absence of parasitic reactions. F ig . 3.7 
gives a typical plot of the concentration of 0 2 , C ° 2 ' C 0 and count per second 
( c p . s . ) evolution as function of time in the closed circuit during the reaction rate 
measurement. 
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Y 
F i g . 3 , 8 shows α p lo t of In ( 1 + 2 g ) f ( f ) 
Y being the concentrat ion of CO + 2 xconcent ra t ion of C 0 2 and Ζ be ing the 
concent ra t ion of 0 o taken from F i g . 3 .7 . The points in F i g . 3 . 8 are on a 
ζ 
straight l ine and ind icate that the sto ichiometry is correct and the slope of the l ine 
aives the value Π from which k can be c a l c u l a t e d . F i g . 3 . 9 shows a t y -
a ^ exp 
p ica l Arrhenius p lo t of the experimental rate obta ined in 20 atm He w i t h the gas 
analysis for the graphi te 0 reac t i on . It can be seen that the t rans i t ion be tween zone 
II and zone III of the react ion is we l l marked and occurs at 650 C in a f l o w r e -
r ime w i th Re — 2 . 0 0 0 . 
14 
3 . 2 . 3 The Carbon Method 
Wi th the C method the react ion rate is measured by the a c t i v i t y b u i l d - u p in the 
14 14 14 
c i r cu i t as a result of gas i f ica t ion in form of CO and C 0 „ of a C l abe l l ed sample. 
By sui table ca l ib ra t ion a re lat ionship between 'count per sec. (c p s) and the vpm 
C (Carbon atom) appear ing in the gas phase could be es tab l ished. W i t h this r e l a t i o n ­
ship the equations developed for the gas analysis method cou ld be used for the c a l ­
cu la t ion of k . The re lat ionship depends on the spec i f i c a c t i v i t y of the sample 
_ exp 14 
and the e f f i c iency of the count ing equipment . The Carbon method a l lows the c o n ­
tinuous measurement of the react ion rate of one specimen ( labe l led) in the presence 
14 
of other graphi te specimens. However , we have not used the C method fo r the c a l ­
cu la t ion of the average mass transfer coe f f i c ien t for a who le sample. We have on ly 
used the method for the determinat ion of local mass transfer c o e f f i c i e n t , by measu­
r ing the a c t i v i t y bu i l d -up created in the loop by a short C labe l l ed sample w h i c h 
is moved in posit ion a long the bigger graphi te sample as i nd i ca ted in F i g . 3 . 1 0 
The method for ca l cu la t i on of the local mass transfer c o e f f i c i e n t is g i ven in A p p e n ­
dix I . The labe l l ing method adopted consists in the equ i l i b ra t i on of the g raph i te 
sample w i th C 0 at h igh temperature ( 2000° C) f o l l o w e d by a heat t reatment at 
o 14 
2500 C to make the C d is t r ibut ion more un i f o rm . Detai ls of the t echn ique are 
g iven in appendix II . The count ing equipment uses a standard s c i n t i l l a t i o n counter 
w i th a plast ic phosphor in the gas st ream. 
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EXPERIMENTAL EQUIPMENT 
|n this section we shall deal wi th the experimental equipment used to measure the mass transfer rate 
of oxidising impurities in a carrier gas by determing oxidation rate of a graphite sample with or 
14 
without C . First ly, we describe the loop and its various components and then we analyse the per-
formance of the analyt ical equipment by considering the accuracy of control and measurement of 
the experimental variables. From this analysis we may determine the expected scatter in the results. 
4.1 Experimental Loop 
The pressurized carbon transport loop, P .C .T .E . , buil t in Winfrith was designed for tests on 
graphite oxidation under conditions in which the reaction would be mass transfer control led. The 
loop consists of a primary c i rcu i t , a purif ication and gas processing c i rcu i t , a gas analyt ical de-
vice and a counting dev ice, and f ina l l y , of a water cooling circuit and anci l lar ies. Fig. 4.1 
gives a general f low sheet of the loop which with the legend is self explanatory. Fig. 4 .2 
gives a general view of the control panel and some major components. 
4.1.1 The Primary Circu i t 
The primary c i rcui t includes the circulating pump ( 2 ) , the ballast tanks ( 3 ) , the 
main f low meter ( F. 13 ) , the heat exchanger ( 4 ) , the throttle valve (V . 2 ) which 
is used to regulate the f low in the purif ication system. The furnace ( 1 ) is mounted on a 
by-pass of the main primary c i rcu i t . With this arrangement it is possible to regulate the 
flow through the furnace down to very small values while a large flow ¡s maintained in the 
primary c i rcui t in order to keep a good mixing of the gas needed for the short response 
time of the gas analysis equipment. The control of the flow passing through the furnace is 
achieved by the automatic valve AV 6 actuated by the f low controller (F. 14 ). Seve-
ral gas sample lines and pressure taps are provided in the main circuit and in the furnace as 
indicated by F ig . 4 .1 
4.1.1.1 The Experimental Test Section 
Several types of furnaces have been considered and tried out. Finally the thimble 
heater furnace based on the design producted for the in-p i le carbon transport loop in 
C . E „ N . , M o l , was selected. [ [ 3 . ° J 
86 
4 . 1 . 1 . 1 . 1 The Thimble Heater M K III 
The th imble heater M K III consists of a pressure vessel ( 20 atm nomina l ) con -
ta in ing three furnaces in series, F i g . 4 . 3 and F i g . 4 . 4 . The gas f lows u p -
wards in the furnaces and comes down along the pressure vessel w h i c h is water 
coo led . The f irst furnace is used to p re-heat the gas up to a temperature of 800 C, 
The second furnace is also a pre-heater where the gas is ¡sothermal ly s tab i l i sed 
before enter ing the sample. The th i rd furnace houses the g raph i te samp le . The 
gas f l ow ing downward along the pressure vessel is coo led down to room temperature 
before leav ing the th imb le . 
4 . 1 .1 .1 .2 The First Pre - Heater 
The gas f lows inside the stainless steel s t r i p , wound in to a h e l i c a l s p i r a l , and is 
heated by " J o u l e " e f f ec t . The metal str ip is notched in such a w a y as to produce 
var iable resistance a long the length of the heater . The resistance decreases towards 
the out le t end of the pre-heater and so more power is d issipated a t the i n l e t side 
of the heater where the gas is c o l d . This arrangement gives the maximum gas tem-
perature for a maximum admissible temperature of the stainless s t e e l . A t the 
maximum power of the fu rnace , 14 kW 3 g/s of he l ium can be heated up to 
800 C . The stainless steel cannot be run much above 850 C for s t ruc tu ra l r e a -
sons and also for compa t ib i l i t y w i t h the ox id is ing impur i t y con ta ined in the gas. 
By p re -ox id is ing the heater in a i r a p ro tec t i ve ox ide f i l m is fo rmed w h i c h reduces 
the further parasi t ic uptake of oxygen by the heater dur ing the tests. Unfor tunate-
ly the protect ion is never per fect and the pre-heater cannot be used dur ing the 
dep le t ion tests above 350 C of the in le t gas in the sample .For this reason the 
isothermal tests were exc luded from our programme. The p re -hea te r and the up 
go ing f l ow are insulated from the downf low ing gas by three concen t r i c tubes and 
two steel thermal shield tubes. One of the thermal shields acts as a re tu rn for the 
current . 
4 . 1 . 1 . 1 . 3 The Second Pre-Heater 
The gas coming from the f i rst pre-heater is ¡sothermal ly s tab i l i sed in a s i l i c a tube 
100 cm long and 6 cm in d iameter . The tube is surrounded by a molybdenum wi re 
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wound heater insulated by alumina tubes. The power of the furnace is 8 kW. The 
gas temperature is measured after the graphite sample. Pressure points are provided 
at both ends of the stabilisation length and after the sample. 
4.1.1.1 .4 The Graphite Sample Furnace 
The graphite sample is housed in a graphite support tube which distribute evenly 
along the sample the heat generated by a 2 kW molybdenum wire furnace. The 
molybdenum wire is e lectr ical ly insulated by alumina beads and ¡s housed between 
two concentric ceramic tubes. Several sample arrangements are possible within 
the space avai lable in the graphite support tube ( 0.8 cm i .d ) depending on 
the f low condit ion required for the tests. For the tests with fu l ly established f low 
a sample 0.8 cm in outer and 0.6 cm in internal diameter is used and the i .d of 
the sample and of the upstream and downstream tranquil ization length are smooth­
ly matched F ig . 4 .5 a 
For tests in non stabilized f low two cases have been used: 
1 . insert a 0 .8 cm o . d . and 0.36 cm i . d . sample in the graphite support tube 
this causes a change in the veloci ty profi le at the point where the mass trans­
ferstarts F ig. 4 .5 b corresponding to the case χ = 0 and χ = 11 cm 
at the end of the sample. 
2 . insert a 0.36 cm i . d . sample preceded by a 0.36 cm i . d . and 13 cm long 
stainless steel tube corresponding to the case χ = 13 cm and χ = 24 cm 
Fig. 4.5 c 
For the investigation relating to the local mass transfer coeff icient in non sta­T4" 
bi l ized f l ow, use ismadeof a samplewhich isonly partly C labelled as shown in 
F ig. 4 .5 d . In an attempt to eliminate the effect of the sharp edge or right 
angle effect created by arrangement Fig. 4 .5 d , a bellmouth entrance was 
used in some cases as shown in Fig. 4.5 e . From the heat transfer point of 
view the test section can be consideredas a section with constant heat input, 
consequently the gas temperature increases linearly along the furnace. The 
graphite sample temperature is not directly measured but the graphite holder tem­
perature ¡s measured by three thermocouples embedded ¡n i t . 
ffhe graphite sample is 1 cm longer 
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than the graphite support tube for handling purpose. It may be assumed that the 
samples' temperature drops rapidly down to approximately the gas temperature in 
the last centimeter and consequently 10 cm should be considered as the useful 
length for the calculation of mass transfer rates. We have seen from paragraph 
3.1.5 that theacceptable tolerance on the graphite temperatureis largeas ¡ongas one 
makes sure that the graphite surface is wel l above the transition temperature be-
tween zone II and zone III . (»—650°C to 700 C ) . For this reason the tests 
have always been performed at a graphite temperature of 950 C. 
4 . 1 . 1 . 2 The Heat Exchanger 
A heat exchanger is located between the furnace exit and the pump. This heat ex-
changer is used to drop the gas temperature below 100 C for the protection of the 
pump. 
4 . 1 . 1 . 3 The Gas Circulation 
A diaphragm compressor "Corb l in" 2 A 30 driven by a f ixed speed 3 H .P. motor is 
used to circulate the gas in the loop. Two oi l actuated diaphragm are used, a mild 
steel one in contact with the oi l and a stainless steel one in contact with the gas. This 
type of circulator represents the advantage of being leak tight but unfortunately it 
gives a pulsating f low. The pulsation period is 5 c y c l e s / s which is much greater 
than the minimum period required for the f low to be considered as quasi steady. The 
oscillations are damped further by the use of surge tanks. The pump w i l l deliver a 
maximum volumetric f low of ~- 1 l / s or 3 g / s of He or 21 g / s of N 2 at 20 atm 
at room temperature. 
4.1 .1 .4 The Surge Tanks 
Two of these tanks are f i t ted in the c i rcu i t , one at the inlet and one at the outlet to 
the pump. Their function is to dampen any oscil lat ion produced in the gas f low due to 
the pulsating action of the diaphragm. Their volume is large ( 12 litres each ) com-
pared with the total volume of the primary circui t f i t ted with the thimble MK III 
( 37 litres including the two dump tanks). 
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4.1.1.5 The Or i f i ce Plates 
The primaray c i rcui t f low is measured with an ori f ice plate ( F. 13) and a differen­
t ial pressure cell Ρ 10. The f low through thè thimble is also measured with the ori f ice 
plate ( F. 14 ) and the d .p . cell Ρ 17 which controls the flow by acting on the auto­
matic valve AV 6 . Several size orif ice plates are used in ( F. 14) . giving a wide 
range of f l ow . See Fig. 4 .6 
4.1.2 The Helium Processing Circui t 
Part of the gas f low is diverted when required to the He processing circuit by opening the 
valves V 3 and V 4 and thrott l ing the main valve V 2 . The He processing circui t e l im i ­
nates unwanted impurities from the gas and maintains the required level of the Impurity to 
be studied. As the loop was developped to perfom oxidation tests with H_0 and CO as 
well as 0_ in He, the equipment contains some He processing components such as the con­
verter which are not relevant to the work perfomed with 0_ as impurity. This equipment 
w i l l only be described br ie f ly . The unwanted impurities are removed by purif ication 
plant. The level of required reactant is maintained either by a converter or an injection 
system. 
4.1.2.1 The Purifier 
The gas is purif ied by the "oxidation absorption" method. The purif ication unit re­
move the products degassed at the beginning of a run, by the various components of 
the loop (metals, graphites, ceramics, e t c . ) . The main gases released, CO , CO, 
H O , Η , CH ., Ν , 0_. During the tests the purifier has to cope with the reaction 
products and the air which leaks i n . 
The purif ier consists of three beds in series: 
1 . The first bed contains copper oxide in a water­cooled pressure vessel . The 
bed is heated by a 4 kW "Thermocoax" wire­wound heater. The walls of the 
pressure vessel are protected by ceramic tube surrounded by a number of con­
centric steel radiation shields. The CuO, as pellets or wi re , at 400 C 
oxidizes H 2 and CO to H20 and CO^ In order to remove 0 2 part of the bed 
is reduced to Cu which at the operating temperature acts as a getter for 
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the 0 . 
2 . The ox id ized gases are removed ( H-0 and CO ) in a bed contain ing 
"Mo lecu la r Sieve" type 5 A at ambient temperature. 
When He is used as carrier gas the remaining traces of 0_ , N_ and any res i -
dual gases are f i na l l y removed by a s i l icagel trap operating at l iqu id N „ tem-
perature. Wi th N - as carrier gas this f ina l bed is not used but pract ice has 
shown that the gas pur i ty achieved is more than adequate for the tests. 
The pur i f i ca t ion l ine is f i t t ed w i th two rupture discs, two f lowmeters, one o r i f i ce plate 
for the measurement and control of large flows up to 1 g / s of He at 20 atm and a 
var iab le area f lowmeter for the small f lows ( < 0 . 1 g / s ) . Sampling points are pro-
v ided after each bed in order to measure their e f f i c i ency . A tapping for the vacuum 
is provided for the regeneration of the beds, and is also used to vacuum down the 
whole c i r cu i t before introducing the carrier gas. 
4 . 1 . 2 . 2 The Impurity Make-up System 
This c i r cu i t is essential ly a vessel of known volume wh ich can be evacuated and f i l l ed 
to a known pressure w i th the desired impur i ty ; when the isolat ion valves are opened 
this impurity is swept into the main c i r c u i t . The c i rcu i t is equipped w i th the usual 
instruments for measuring f low and pressure. 
4 . 1 . 2 . 3 The Converter 
As mentioned ear l ie r , the converter was intended for use in tests w i th C0_ and H_0 
as ox id iz ing impur i t ies. The level of ox id iz ing impurit ies was then maintained by r e -
convert ing the react ion products into the react ing gas. 
4 . 2 Measurement and Control of the Experimental Var iables 
4 . 2 . 1 Temperature: 
The temperature measurements in the system can be d iv ided into three groups; 
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temperature measurements for safety 
temperature measurement for operational purpose 
temperature measurement for the experiment 
In all cases chromel-alumel 1/1 ó'^tainleás steel sheathed thermocouples are used. These 
thermocouples wi th Ti stabil ized austenitic stainless steel sheaths are reliable below 1000°C, 
4.2.1.1 Temperature Measurement for Safety Purposes 
Thermocouples are installed on the pressure vessel to ensure that during operation the 
vessels and tube walls do not exceed the design temperature. The pressure vessels are 
designed for the maximum specification of 20 atm at 350 C. During normal operation al 
the walls are water-cooled and operate a t ~ 5 0 C. Al l the safety thermocouples are 
f i t ted wi th shut-off tr ips, set for a maximum temperature of 200 C, except the one pro-
tecting the pump, which is set at 100 C. 
4.2.1.2 Temperature Measurement for Operational Purposes 
The temperatures of the beds are measured during normal operation and during regenera-
t ion . The thermocouples measuring these temperatures are also f i t ted with shut -of f trips. 
We have, for example; 
Normal Temperature Shut-off Temperature 
CuO 400°C 500°C 
Mol Sieve 350°C 360°C 
(Regeneration) 
4-2.1.3 Temperature Measurement for Experimental Purposes 
For the purpose of the experiments the temperature of the graphite and of the gas in the 
reaction furnace must be known. The thermocouples used for this purpose are calibrated 
and the temperature could be measured within 1 C accuracy. However, the location of 
the thermocouples in the small space of the reaction chamber and also the very high power 
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density of the heater and cooling rate of the gas makes it very d i f f i cu l t to have an ' ι 
accurate temperature measurement. 
In the thimble MK I I I , the graphite thermocouples are Imbedded in the graphite support 
tube in order to eliminate the influence of heat conduction along the thermocouple sheath 
from the furnace. With this arrangement it is expected to have a true reading of the gra­
phite temperature within + 5 C at the point of measurement but of course the axial tem­
— o 
perature distribution would certainly have a much greater scatter + 30 C. 
The gas thermocouples are protected from the interference of the furnace by radiation 
shields. It is also anticipated that an accuracy of + 5 C can be obtained. One of this 
thermocouples is installed at the inlet of the stabilization preheater and another gas 
thermocouple is installed at the outlet of the sample. 
We have calculate the possible interference of the stagnation temperature on 
the gas temperature readings and it can be seen to be negl ig ib le. 
In the theoretical discussion we have seen that the graphite temperature is important in 
the chemical and in­pore diffusion regimes, but not in the mass transfer regime. For 
example, a variation of + I O C results in a change of reaction reate of + 15 % for a 
reaction with 25 kcal/mole activation energy, whi ie in the mass transfer regime theact iva­
tion energy is zero and the influence of sample temperature variation is neg l ig ib le . 
The gas temperature and the sample temperature influences the k through their 
exp,,, 
effect on the properties of the gas and on the diffusion coeff ic ient . From Fig. 2.5 it can 
be seen that at around 800°C an error of + 5°C wi l l induce an error in the D of + 0.8% 
in the estimation of D which can be considered as negl ig ib le. 
During the tests the graphite temperature is automatically controlled through ï · C 10 
.nid an automatic controller. 
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4,2.2 The Flow Rate 
The flow rate through the various parts of the circuit are measured. For large flow at high 
pressure we use or i f ice plates of standard or near-standard designs. The accuracy of these 
flow measurements can be considered to be + 2%. A typical calibration curve for the flow 
meter F14 wi th different size orifices is given in Fig. 4 . > . 
For small f lows; where the pressure differences developed in or i f ice plates are inconveniently 
small, use is made at 20 atm "Fischer and Porter L td . " "Variable area flowmeters" of 
1/16" and 1/8" sizes. The calibration of these flowmeters is easily done by the soap bubble 
technique at atmospheric pressure. This calibration corresponds with the calculated values 
obtained from the data given by the manufacurer. 
The influence of the flow measurement on the flow is reflected through its effect on the Re. 
We have seen that in the mass transfer controlled region the k was proportional to 
exp 
0 83 
Re * in turbulent flow so an error of + 2% on the flow wi l l y ie ld an error of + 1 .76% on 
the measured mass transfer rate. 
4.2.3 The Pressure 
The pressure is measured at several points for safety reasons, but it ¡s also measured for ex-
perimental purposes in the furnace,near the flowmeters and in the instrument l ines. 
The commercial instruments available are precise within 1 % of their range. 
This error of measurement results in an error of 1 % on the reaction products measured by the 
infra-red gas analysers and 1 % inaccuracy in the calculation of the diffusion coeff ic ient . 
The pressure is control led in the furnace by an automatic valve AV5 actuated by P3 which 
admits fresh carrier gas to the system through the puri f ier. 
4-2.4 The Gas Composition 
The impurity content of the gas is measured by several instruments. The Hersch cell for 0 2 
and the gas Chromatograph for general purposes are working at atmospheric pressure while 
9¿ 
The"lrgas"are operat ing under 20 atm pressure. Since comprehensive surveys of gas analysis 
methods are ava i l ab le elsewhere we w i l l not g i ve de ta i led descr ip t ion of the instruments 
4 . 2 . 4 . 1 The"lrgas"( lnfra-Red Gas Analyser) 
The " I rgas" are used to measure CO and O X , · They i nd i ca te d i r e c t l y , the p a r t i a l p r e s s a 
CO and C 0 2 , the f low rate having no ef fect and the total pressure very l i t t le ef fect . 
Sample ce l ls are ava i l ab le for use up to 20 atm pressure and about 80 C . 
Sens i t i v i t y . The ranges at a total pressure o f 20 atm a re : 
for CO fu l l scale def lec t ion ( f . s . d ) 50 v . p . m . l i m i t 
of de tec t ion approx imate ly 0 . 2 v . p . m . 
for CO f . s . d . 60 v . p . m . l im i t of de tec t ion approx imate ly 
0 . 5 v . p . m . 
These instruments should be ca l ib ra ted regular ly because they present a zero drift and 
ca l i b ra t i on change. A cross sensi t iv i ty between CO and C 0 2 can also introduce an error 
of 1 % in the readings. 
4 . 2 . 4 . 2 The Hersch Ce l l 
The Hersch cel ls are used for Q d e t e c t i o n . 
The sensi t iv i ty of the instrument is very good and gives a l im i t o f detection of 0 . 1 v.p.m 
4 . 2 . 4 . 3 The Gas Chromatograph 
The gas chromatograph is used to measure the other impur i t ies such as N Q , C H . , as wel 
as to ensure that the c i r cu i t is free of any other gases before the start o f the tests. 
4 . 2 . 5 The Count ing Equipment 
The count ing equipment consists of a standard sc in t i l l a t i on counter w i t h a p las t i c phosphor 
inserted in an instrument by pass l i ne . 
- 9 5 -
The counting can be performed by measuring directly the act iv i ty of CO and CO in 
the primary c i rcui t gas. 
14 14 
If greater sensitivity is required the gaseous C can be converted into C0 9 in a small 
CuO bed and concentrated in a l iquid N„ -coo led trap, the concentrated gas is counted 
after a certain time in terva l . 
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5 . OPERATING PROCEDURE 
Int roduct ion 
In this section we discuss the way the exper imental equipment descr ibed in sect ion four is 
operated tak ing into account the requirement of the exper imenta l techn iques descr ibed in 
section three and based on the exper ience gained dur ing the commissioning pe r iod and cal i 
brat ion runs. 
14 
We describe in deta i l the operat ion to be done in order to perform 0 „ dep le t i on and C 
bu i l d -up test start ing w i th a fu l l y pressurized and ca l i b ra ted r i g . 
Before reaching this stage the loop went through a lenghty and tedious commiss ioning and 
ca l ib ra t ion pe r i od . We only mention for reference the steps of this p reopera t iona l per iod whicl·. 
can be devided into three parts: 
the safety tests 
the ca l ib ra t ion tests 
rout ine checks of equipment 
5 . 1 . 1 The Safety Tests 
Are imposed by the safety commit tee to ensure that dur ing normal opera t ion as w e l l as 
under fau l ty condi t ions non of the components o f the loop runs w i t h pressure and tempe-
rature in excess to the design v a l u e . The main steps of the safety accep tance a re : 
Acceptance of loop components, i nc lud ing hydrau l i c tests, leak 
tests and radiography of welds and components 
Pressure test of the fu l l y assembled loop 
Temperature measurement and recording of t ransient under normal 
operat ing cond i t ion and under fau l ty operat ion o f the heater and 
fa i lure of the coo l ing gas f l o w . 
97 
5.1.2 The Calibration Procedure 
The cal ibrat ion procedure was established to find out the response of the system to the 
variation of any of the experimental variables. The main steps were: 
- cal ibrat ion of flowmeter 
- cal ibrat ion of furnaces 
- cal ibrat ion and determination of sensitivity of 
intruments and counting equipment 
- response time of the injection system 
- operating performance of the purif ication system 
and establishment of the regeneration procedure 
- volume measurement of the circuit 
- determination of the leak-rate by outleakage and 
through the instrument 
- determination of the compatibi l i ty problems between 
the reagent and the loop's material 
5.1.3 The Routine Checks 
The routine checks are the checks to be performed before starting a serie of experiments. 
They are dictated by experience and one can mention 
the leak tightness check 
the zero adjustment of instruments 
Once the loop is ready to run the three main operations for the performance of a test are 
adjustment of the flow 
adjustment of the temperature 
injections of the impurity. 
2 Adjustment of the Fl ows 
During the tests there is flow in various parts of the system, the main loop, the purifier conver-
ter, the instruments and the thimble. 
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5 .2 .1 The Flow in the Ma in Loop 
The f low in the main loop is mainta ined as high as possible to ensure a good m i x i ng of the 
impur i t ies and of the react ion products in the carr ier gas. The f l ow is c o n t r o l l e d by the 
Automat ic A V I O and the manual va lve V I , they are genera l l y adjusted in order to create 
a pressure drop of 1 . 3 atm across the pump. 
5 . 2 . 2 The Flow in the Puri f ier Converter 
The converter is isolated by the valves VP 25 and VP 2 7 . The pressure drop requ i red to by­
pass some f low in the pur i f ie r is obta ined by adjust ing the posi t ion o f the v a l v e V 2 in the 
main c i r c u i t . The f low is mainta ined in the pur i f ie r as long as requ i red by a c t i n g on VP 24 
and VP 20 . A t a l l t ime the va lve VP 31 in the bypass l ine o f the impur i t y m a k e - u p tank is 
open , in order to cont inuously purge the return l ine from the p u r i f i c a t i o n and i n j ec t i on 
system; because an inter ference from impur i t ies trapped in this l i ne has been observed. 
5 .2 .3 The Flow in the Instruments-Line 
Dur ing the performance of a test the f low from the th imble is cont inuous ly mon i to red by a 
2 
sample taken to the instruments through V I N 242 . The pressure o f 19.75 k g / c m is maintaine 
in the"lrgas"by adjust ing the va lve V I N 53 in the return l i n e . The requ i red f l o w through 
14 
the C count ing equipment is obta ined by adjustment of the valves V I N 83 and V I N 88. 
5 .2 .4 The Flow and Pressure in the Thimble 
The f low in the th imble is adjusted fo l l ow ing the requirements o f the exper imen ta l programmi 
The required f low is au tomat ica l l y con t ro l led by the combined ac t ion o f the automat ic valve 
A V 6„ the f lowmeter F 14 and the pressure transducer Ρ 17 . In order to coun te rac t the in­
f luence in the th imble of the pressure d is t r ibut ion change along the c i r c u i t w h i c h results of 
a change of f l ow , the in le t va lve V 201 to the th imble is kept f u l l y open w h i l e the outlet 
va lve V 202 is adjusted in order to maintain a correct pressure. The absolute pressure of 
20 atm at the sample locat ion is mainta ined by the ac t ion o f the pressure con t ro l l e r P(3) 
actuated by a signal coming from the react ion chamber through V I N 45 and commanding the 
in jec t ion of c lean He in the c i r cu i t from the bot t le through the au tomat ic v a l v e A V 5 and 
through the pu r i f i e r . 
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5.3 Temperature Adjustment 
In pract ice the gas temperature is raised first to its desired level and then the graphite tempera­
ture is increased to reach the ~ 9 5 0 C . 
5 .3 .1 The Gas Temperature 
The first preheater is normal ly used to preheat the gas up to 200 C and the reading of Τ 9 is 
contro l led by feedback to the main heater through an autocont ro l . 
The second preheater is raised to the required power and the reading at Τ 11 is a l lowed to 
s tab i l i ze . The f low is then var ied over the operating range and the readings of Τ 11 as funct ion 
of f low is taken . These readings are considered as the in le t gas temperature to the sample 
during the tests. 
5 .3 .2 The Graphi te Temperature 
The graphite heater is then switched on and the power raised in order to reach a temperature 
such as — — Ï = 950°C. The power of the heater is contro l led by Τ 10 act ing on the 
automatic control of the graphite furnace. 
During the temperature increase and during a certain time the degassed impurit ies are removed 
by the pur i f ie r . 
14 5.4 The Oxygen Deplet ion Test and CO, CO,, and C Bui ld­up 
When the f l ow , pressure, temperatures are set and the c i rcu i t is completely degassed and the i n ­
strument cal ibrated the loop is ready for in ject ion of 0_ and measurement of the react ion rate by 
14 0 deplet ion and CO, C 0 „ and C b u i l d ­ u p . 
The fo l lowing operations are performeds 
Isolate the impurity make­up tank by closing VP 28 and VP 30, 
Evacuate the impuri ty make­up tank by opening VAC 18, 
Admit ~ 1 , 5 atm oxygen in the impuri ty make­up tank by closing VAC 18 
and opening VP 29, 
Pressurize to 20 atm the impurity make­up tank by closing VP 29 and 
opening VP 28, 
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In ject oxygen in the c i r cu i t by opening VP 30 after hav ing 
con t ro l l ed that the pur i f ie r is i so la ted , 
A l l o w the impur i ty make-up tank to be purged dur ing 1 minute 
then close VP 30 and VP 28 . 
14 
Af ter f i ve minutes fake the reading on CO, C0_ , 0 "Irgas'On the C counting equipment. These 
readings are repeated at 5 minutes intervals up to 50 minutes elapsed time of test. Twenty minute 
after the start of the exper iment take a complete set o f readings o f temperature, pressure, flow 
e t c . 
F i g . 3 . 7 gives a typ ica l set of readings obta ined dur ing a test . 
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,6. EXPERIMENTAL RESULTSAND CORRELATION WITH THE THEORETICAL PREDICTIONS 
6.1 Experimental Results 
We have seen in the theoret ical discussion that in a l l cases the maès transfer coef f ic ient can 
be predicted by an equation of the type 
Sr = A . R e a . S c b . ( j £ n ­ ) c . f ( *r ) . f (Gr) (2.121) 
The constants A , a , b, c and the funct ion of the Grashof number f (Gr) depend on the f low c o n ­
dit ions and the temperature d is t r ibut ion, wh i le the funct ion f ( *­ ) depends on the geometry of 
the entrance region of the test sect ion. The values of D, Sc, Re and / ¿ ­ are l inked w i th the 
nature of the carr ier gas. In our experimental programme we have performed tests w i th di f ferent 
entrance geometries, di f ferent carrier gases, namely He and N 2 and di f ferent f low condi t ions. 
In these di f ferent experimental cases, a l l other condit ions being kept constant, we have varied 
ei ther the f low G (in other words the Re) or the value χ or ( ­ ) . 
d 
The entrance geometries used are shown in F ig . 4 . 5 
1 . F ig . 4 . 5 a shows the test section 0 .6 cm in diameter preceded by a long calming 
section of—100 cm g iv ing a ­ ^ o ­ ­ 167 
d 
2o F ig . 4 . 5 b shows the test section 0 .36 cm in diameter preceded by a long section 
0 , 6 cm in diameter and ­ 1 0 0 cm long; this geometry creates a "sharp edge entrance" 
3 . F ig . 4 . 5 c shows the test section 0 .36 cm in diamter preceded by a short calming 
section 0 .36 cm in diameter and 13 cm long (f jp_ = 36 .2 ) e The calming section is i tself 
preceded by a Jong section 0o6 cm in diameter and ~ 87 cm long 
4 . F ig . 4 . 5 d consists of an entrance geometry ident ical to the one shown in F ig .4 .5b 
"sharp edge ent rance" , but i t includes a C U sample shown in its first pos i t ion. Wi th this 
geometry the C sample can be moved along the test sect ion, thus making i t possible 
to investigate k = f ( Í ) 
C Q 
5 . F ig , 4 . 5e shows the 0 .36 cm diameter test section preceded by a 0 .6 cm diameter tube, 
the tube and the sample being connected by a conical graphite sect ion. 
lor 
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Wi th these d i f ferent entrance geometries we have var ied as ment ioned above the f l ow condit 
the carr ier gas and the x / d r a t i o . The d i f ferent cases invest igated are summarized in tab le 6.10 
This table indicates the var iab le wh ich has been used (ei ther G or g ) for a spec i f i c test made 
w i t h i n a f low regime (laminar or turbulent) w i t h one entrance geometry and w i t h one carrier gQSi 
The fable also indicates the table and f igure to wh ich the reader should refer to f i nd the de-
ta i l ed exper imenta l va lues. The theoret ica l formulae wh i ch should f i t the exper imen ta l data are 
ind ica ted on each table g i v ing the deta i led exper imental va lues . Corresponding f igures compare 
the theoret ica l l ines to the actual exper imental p l o t . 
O n e d i f f i c u l t y arises in preparing fable 6 .10, i t is the de f i n i t i on o f the f l o w reg ime under which 
the tests w i th the short "ca lming tubes" and w i th the "sharp edge e n t r a n c e " were performed. 
If we refer to the Re ca lcu la ted from the diameter, the f low becomes tu rbu len t above Re = 3,000, 
but for short ca lming sections Re = 3 ,000 can be reached w e l l before the Re c r i t i c a l of 
5 X 
4 . to 5.10 is reached. 
For the purpose of c lass i f ica t ion we w i l l base our f low regime on the Re as i t is genera l l y done 
in the l i t e ra tu re , an execpt ion being made for caselY^ where the Re is the lead ing parameter 
in the l i t e ra tu re . We w i l l see later in the discussion that this p rac t i ce o f basing the f l ow regime 
on Re for re la t i ve l y short tubes may be misleading and g i ve rise to the use o f the wrong formulae 
for the pred ic t ion of the k . 
c 
r, J 
For a l l cases the mass transfer coef f ic ients are presented in the dimensionless form — c^-— , 
wh ich has the advantage of e l im ina t ing the in f luence of the test sect ion d iameter and the effect 
produced by the di f fusion c o e f f i c i e n t . The propor t iona l i t y of k to the d i f fus ion coe f f i c i en t , 
c 
demonstrated in ear l ier qua l i t a t i ve tests, is shown in F i g . 6 . 1 0 . 
S.2 Discussion of the Results 
6 . 2 . 1 Tests Performed w i th the Flow as Var iab le 
6 . 2 . 1 . 1 Tests Performed w i th an Established Ve loc i t y Prof i le and non Establ ished Concentration 
Prof i le ~ ~ 
6 - 2 . 1 . 1 . 1 Tests in Laminar Flow w i t h Long Calming Section in 0.6 cm Diameter Channel 
T h e o r e t i c a l l y , this case is covered by the G r a e t z - L e v e q u e equa t i ons . 
Sr = l „ 6 1 5 G z 1 / 3 = 1.615 R e 1 / 3 . S c 1 / 3 . ( Í ) ] / 3 (2.115) 
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Fig. 6.1 shows the experimental points and the theoretical l ine which is val id w i t h -
in the fol lowing l imits; 
lower l imi t (under which the concentration profi le is ful ly established and 
Sr = 3.65) 
Gz - 10 equivalent in our case to Re = 92 
upper l imi t 
Re = 3,000 where the flow is no longer laminar 
From F ig . 6.1 i t can be seen that the experimental points above Re = 1,000 are 
— 20 % higher than the theoretically predicted values. Below Re = 1,000 the values 
depart from the theoretical l ine . 
This discrepancy at the lower Reynolds number is probably due to interference mass 
transfer created by natural convection occurring in the vert ical ly heated test section. 
Mar t ine l l i et al [2.41j have treated an analyt ical ly similar case for heat transfer 
and the corresponding equation for mass transfer can be proposed 
- f r = ' · 7 5 · Fi fer.+0·0722 <r · G r · S c > n · F 2 
The dimensionless factors F, and F~ are given in Fig. ó . l l . T h e Gr used is based on 
the in i t i a lAT in the section 0 . The calculated values are compared to the exper i -
mental values and the theoretical Graetz-Leveque predictions in Fig. 6.12(l ine b). 
On the same graph the lines a and a' show the l imit of dispersion of experimental 
values measured in heat transfer tests by Dalle Donne and Baldwich [] .5 J with 
helium and large temperature gradient between wall and gas. The correlation between 
the Mar t ine l l i values and the experimental values is better (10 to 15 % lower) than 
the one obtained by the Graetz-Leveque theory. The measurement accuracy of the 
mass transfer coeff icient is wel l within the precision of the heat transfer measure-
ments under similar conditions. 
6 ·2.1.1.2 Tests in Turbulent Flow with a Long Calming Section 
The case I I presented in Fig. 6.2and table 6.2 relates to measurements performed 
in He. 
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The case III presented in Fig. 6.3 and table 6.3 relates to measurements performed 
in N 2 · 
The equation which, according to Latzko, should cover this case is 
S r= - ^ 1 = 0.0384.Re°'75. Sc β(1 + 0.067 Re°*25.£) (2.116) 
The lower limit of applicability of this equation is Re = 3,000 below which the flow 
becomes laminar. As can be seen from Fig.6.2, the correlation between the theore­
tical values and the measured values in He is not good at all while the correlation 
for the nitrogen tests Fig.6.3 up to Re = 50,000 is very good* 
The weakness of the Latzko equation comes from the fact that the k for fully 
c oo 
established flow is given by equation 
k =0.0384 . Re0 , 7 5 . Sc c 
where the exponent of Sc is one. This equation correlates well the results of fluid 
with the Sc number between 0*7 and 1, but gives the wrong value as soon as the 
Sc valid departs from these limits., 
In Fig06J3we correlate the experimental results with the well-known equation for 
fully established turbulent flow 
L-d ] - η ποτ ρ ° · 8 
~<Ό- -Γ173 - ° - 0 2 3 R e 
This correlation is good for the tests performed in He and Ν . 
It is not surprising with a long calming section that the equations giving the mass 
transfer coefficient for a fully established flow correlates well with the experiments, 
because Boelter et al [ l .4] have shown in heat transfer tests how rapidly the fully 
established value of transfer is reached and have proposed the following equation 
(transposed for mass transfer) 
k= ■ k c - (' + Kr> for I d 
1 with Κ - 1.4. In our case with r = _ _ W e s h o u I d e x p e c t a n e n f r a n c e e f f e c f 
of 8.5 % of the k 
C o o 
­ 105 
The deviation from the theoretical prediction,of the values obtained at a higher 
Re than 50,000 for Ν , results from a particularity of the experimental furnace, 
which for the good heat transfer occurring at this high Re changes its temperature 
distribution and the results obtained above, Re = 50,000, relate only to the 
reaction rate occurring on a smaller section of the sample, so that these results 
should be disregarded in the present analysis. 
6.2.1.2 Tests Performed with non Established Velocity Profile and Concentration Profile 
6.2.1.2.1 Tests in Laminar Helium Flow in a 0.36 cm Diameter Channel with a Sharp 
Edge Entrance 
The type of mass transfer presented in table 6.4 and in Fig. 6.4 should, according 
to the relevant l i terature, be predicted by the equation applicable for laminar mass 
transfer over a f lat plate; as long as the boundary layer remains smaller than half 
the diameter of the channel and the flow does not become turbulent. 
Re < 4.105 
χ 
The equation applicable in this case is 
Sr = ­ c x ^ = 0 . 6 6 4 . Sc 1 / / 3 . Re ^ (see F ig .6 .4b ) (2.109) 
For the comparison of the order of magnitude of these results with those obtained 
k . d in the other f low regimes we also present these results in ­ c ^ — = f (Re) graph 
'F ig.6.4a is based on the fol lowing modified equation 
S r = ­ k c ­ Í = 0 . 6 6 4 . S = ' / 3 . R e ' / 2 . (d-)'/2 (2.122) D x 
In F ig .6 .4a 5 < ¿ giving the lower l imit of val id i ty of the equation corresponds to 
R e > l , 1 9 5 , as can be calculated from equation (2.74). The upper l imit of val id i ty 
of the equation is given by the condition of non­turbulence Rex< 4.10 correspon­
ding in our case to Re<:~12,500. 
The correlation between the experimental points and the theoretical prediction is 
good. At the lower Re a bigger dispersion of points is observed; this can be ex­
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p la ined ei ther by the in f luence of natural convec t ion or by the fact that in this 
region of Re the thickness of the boundary layer approaches the value of ^ . 
It should also be observed that in this case, although the flow is laminar, the value 
of Re can be as high as 1 0 , 0 0 0 . In such a case one might be tempted to use the 
Latzko equat ion (2.113) for 
j p . 0 . 6 2 5 . R e 0 ' 2 5 
d 
_ k C f f Í = 0 .0384 R e 0 ' 7 5 . Sc (1 + 0 . 1 4 4 R e ° · 2 5 4 ) 
wh ich should be app l i cab le to the non-establ ished velocity and concentration p ro-
f i l e in turbu lent f l o w , but wou ld in our case y i e l d values 4 t imes too b i g . 
6 . 2 . 1 . 2 . 2 Tests in a Hel ium Flow in a 0 . 36 cm Diameter Channel with a Short Calming 
Section 
The exper imental test section is represented in F i g . 4 . 5 c . The table 6 . 5 and Fig. 
6 „5 present the exper imental values obta ined in the Re range between 1 ,142 and 
11,580 corresponding to 69 ,000 < R e < 7 0 1 , 0 0 0 . 
X 
Four d i f fe rent zones can be dist inguished in this case: 
The zone A : below Re = 1,500 
in this zone the f low is laminar and the thickness of the velocity boundary layer 
5 > 2 a t t n e s a m P ' e i n l e t . In this region the mass transfer c o e f f i c i e n t should be pre-
d ic ted by equat ion (2 .115) 
cr J - d , , K ^ 1/3 Si c r 1 T615 . Gz ' 
The zone B: where 1 , 500 < Re < 2 , 730 
in this zone the f low is st i l l laminar but the point where 5 = ~ l ies somewhere 
between the in le t and the out le t of the sample. N o a n a l y t i c a l expression is available 
for this und i f ined f low c o n d i t i o n . 
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The zone C: included above Re = 2,730 and below Re —7,500 to 9,200 (corres­
ponding to Re —450,000 to 550,000.) 
In this zone w h e r e ß ^ j and the fi lm is laminar, the fol lowing equation should be 
appl icable 
Sr = 0.664 . R e v . Sc 7 . ( 1/2 , 1 / 3 , d ,1/2 1 
(2.107) 
),000 
The f low should be turbulent. 
The zone D: where Re ; > 550,  
χ 
In F ig. 6.5 we have drawn the theoretical l ines. The experimental points do not 
f i t these lines very wel l but if should be observed that the four zones predicted 
theoret ical ly can be seen and that in any case the theoretical prediction is better 
than that obtainable from the Latzko semi­empirical equation derived from a 
graphical combination of equations (2.113) and (2.116) 
Here again i t should be pointed out that the laminar flow equation should be applied 
in some case although Re>3,000. 
6.2.2 Tests Performed with Distance χ from the Entrance as Variable in non Established Flow with 
non Established Concentration Profile 
6.2.2.1 Tests in Laminar Helium Flow In 0.36 cm Channel with a Sharp Edge Entrance 
The geometry of the experimental setup used for these tests is shown in Fig. 4 . 5 d . The 
experimental results relevant to this case are presented in table 6.6 and Fig. 6 .6 . 
The theoretical equation applicable to this case is the one for the mass transfer over a 
f la t plate in laminar flow 
J 5 C X _ ^ L = 0.664 . Sc 1 / 3 . Re l / 2 (2. 109) 
D x 
k z is plotted in Fig. 6.6b as function of χ it can be seen that the k £ ­ varies 
~D 
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• ,, ­!/2 proportionally χ 
For the comparison of the order of magnitude of these results with those obtained in the 
other flow regimes we also present the results in - c ^ — form following equation 
= J 5 c ^ e 0 . 6 6 4 . S c ^ . R . ^ . ( ê ) 1 / 2 (2.Π2) 
illustrated in Fig. 6.6 a 
Sr­ ~ D 
d X 
The equation is valid for δ * « which sets up an upper limit to g = 32 . 
The Reynolds number used in this case is Re 1,382. It can be seen from Figs. 6 .6 that the 
experimental values are in rather good agreement with the theoretical prediction. 
6.2 .2 .2 Tests in Turbulent Helium Flow in a 0.36 cm Diameter Channel with a Sharp Edge 
Entrance 
The experimental set up used in the test is the same as in the previous case. The tests 
have been done for several Re 
Re = 7,920 
9,900 
11,900 
14,850 
The experimental results obtained in this case are different from those shown in Fig. 6.6, 
In the logarithm plot they describe in the down stream region a slope corresponding to 
d , 1 / 2 . . . . , 
(-) power while in the up­stream region the slope is smaller* The same results plotted 
on normal paper do show a similar shape to the results obtained by L . M . K. Boelter et al 
in heat transfer in the inlet region of a tube preceded by a square edge orifice entrance, 
Similarely the k can be expressed by an equation of the type 
A 
kcx = k c c o ( 1 + K χ ) f o r g > 5 w i f h t h e v a l u e o f 7<K<12 . 
Boelter et a l , who were able to investigate the region of ~ ranging between 0 and 5 
suggested that the shape of the k ^ as a function of £ for t h i s t y p e o f ¡ n | e t w a s d u e to 
an air pocket created by the or i f ice, which should reduce the heat transfer in the inlet 
region. We believe that in our particular case the flow and boundary layer are still 
­ 1 0 9 ­
d 1 /") 
laminar non­established and consequently the ( ­ ) ' slope would be just i f ied, but at 
the in let of the sample the air pocket created by the sharp edge entrance would disturb 
the mass transfer in that region and cause the reduced transfer rate observed. 
This'bir­pocket" or "Seperation bulb" has also been described by Hall and Chocho Gi l 
[6 .1 ] [6.2] 
6.2.2.3 Tests in Turbulent Helium Flow with a Bellmouth Inlet in 0.36 cm in Diameter Channel 
In an attempt to eliminate the influence of the sharp edge entrance a conical ¡unction 
was created between the 0.6 cm up­stream channel and 0.36 cm test section. The curve 
k . d obtained for — CYJ-— is of similar type as the one described in£ 6 . 2 . 2 . 2 . But here 
again the f low and mass transfer are so complex that it is very hard to give a theoretical 
expl icat ion fo the phenomena, and unfortunately no similar case has been treated in heat 
transfer for purposes of comparison. 
6.2.2.4 Tests in Turbulent Nitrogen Flow in 0.36 cm Channel with a Sharp Edge Entrance 
k . d χ 
The Fig. 6 .9 gives the experimental points of ­ c x j c — as f (­τ) . The experimental 
points in the region ­ 7 < 5 are lacking and a detailed analysis of the results is impossible 
in this region. We can only compare the coefficient Κ ~ 3 obtained from 
k = k (1 + K - ) 
CX CoO x 
in this case and the experimental value measured by Boelter et al with a short calming 
section or wi th a sharp edge entrance. A good agreement is obtained from this comparison. 
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• CONCLUSION 
7.1 Practical Conclusion for H . T . G . C R . Design 
The rate of oxidation of the graphite by chemical impurities present in the helium coolant 
flow of H . T . G . C R . reactors wi l l be mass transfer controlled once the rate of transfer of rea­
gents to the graphite surface becomes samller than the rate of the chemical react ion. The "lowest 
mass transfer coeff icient" for a gas flowing in a channel is achieved for the fu l ly established 
(concentration and velocity) laminar flow and is given by the fol lowing expression 7.1 
k d 
^ 3 = 3 . 6 5 
The lower temperature at which the graphite oxidation would then be mass transfer controlled 
under these conditions is such that 
, , 3.65 χ D 
k > k = · 
exp c d 
In our graphite oxidation experiments with various flow regime and different carrier gas (He and 
N ) we have measured k .d values ranging from 4 to. - 100 . 
2 -ΐτ 
In helium at 20 atm the oxygen graphite reaction (commercially available nuclear graphites) 
started to be mass transfer controlled a t~700 C in the laminar flow range under our experimental 
conditions. The H O and CO graphite reaction would only be mass transfer control led at tempero· 
ture in excess of 1000 C for similar experimental conditions. 
The transition point depends on the diffusion coeff icient, on the chemical react iv i ty of the gra­
phite and on the hydraulic diameter of the reacting channel. In a reactor the temperature at 
which the oxidation rate would be mass transfer controlled, for a given f low regime and geometry 
wi l l decrease 
1. with decreasing diffusion coefficient, achieved either by 
using higher pressure or a lower coolant temperature or also 
using a different carrier gas 
2. with increasing hydraulic diameter of the reacting channel 
3. with increasing reactivity of the graphite, induced for example 
by the influence of catalytic fission products l ike Sr, Ba. 
- I l l -
,2 Appreciation of Methods used for Estimation of the Mass Transfer Tests 
Once the graphite oxidation is mass transfer controlled it follows laws which can be predicted 
by three main methods based on 
dimensionless analysis 
analogy wi th heat transfer 
analysis of hydrodynamic models 
7.2.1 The Dimensional Analysis 
The dimensionless analysis is nothing else than a method to organize the empirism. To be 
effective i t should be applied with caution and fol lowing scientif ic cr i ter ia . The selection 
of the dimensionless numbers used should lead to easy expressions and their combination 
should be based on the tradit ion and guided by a good physical sense. By the non respect of 
these rules r ^ny workers produced semi-empirical expressions which are so complex that 
they fa i l to f u l f i l l the fol lowing objevtives which could be met by the semi-empirical ex-
pressions obtained by the dimensional analysis 
a) predict the behaviour of one plant under new operating 
conditions 
b) predict the behaviour of a new plant based on the ex-
perience gained with a plant of different size. 
The dimension analysis method do not investigate the mechanism of the transport phenomena 
and the semi-empirical expression obtained by the correlation of experimental investigation 
by this method do no! al low the prediction or the interpretation of transfer rates obtained 
under quite new condit ions. 
For example the interpretation of the inlet geometry effect on short reacting samples as 
measured could not be covered and interpreted by semi-empirical expression available in the 
l i terature. 
7.2.2 The Analogy wi th Heat Transfer 
The heat and mass transfer proceed from the similar physical processes e . g . heat and mass 
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di f fus ion and convec t i ve current . If should then be possible to p red i c t the rate o f mass 
transfer from the informat ion obta ined in heat t ransfer. Ou r exper iments have con f i rmed that 
this procedure is very f ru i t fu l because most of our results have been co r re la ted w i t h expe­
r imental expressions transposed from heat transfer tests to mass t ransfer . 
The subst i tut ion of the fo l l ow ing terms should be done for this t ransposi t ion 
°\ heat f lux N mass f l u x 
the rmal 
ρ ' ^ d i f fus iv i t y 
. f. . thermal 
(c -P . I ) . ,. -
ρ concentrat ion 
— D mass d i f fus ion c o e f f i c i e n t 
C mass concen t ra t i on 
^—r^ ρ Prandtl no . 
k 
-C- Schmidt no . 
h . χ . . . 
— ι — Nusselt no . 
k . χ 
—c-τΓ— Sherwood n o . 
This method of subst i tut ion is advantageous because i t a l lows the use of a large background of 
heat transfer invest igat ions. Genera l l y heat transfer measurement being easier to perform then 
mass transfer tests the substi tut ion method could be used in order to ob ta in mass transfer values, 
The subst i tut ion method has the fo l l ow ing l im i ta t i on 7 . 2 [ 
a) N o equ iva lent of heat rad iat ion exists in mass transfer and the 
substi tut ion is on ly v a l i d for heat transfer tests ob ta ined under 
condi t ions where radiat ion cont r ibu t ion is n e g l i g i b l e . 
b) For the app l i ca t ion of the analogy the geometries used should 
be s imi la r . Unfor tunate ly the geometries o f heat l ransfer are gene ra l l y 
not interest ing for mass transfer. But for our spec i f ic case o f the 
ox ida t ion rate of graphi te in coolant channels o f nuc lear reactor a 
vast amount of in format ion is ava i l ab le in the heat transfer l i t e r a t u r e . 
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We could mention that the Lewis analogy 
k - h 
c c . O 
Ρ 
is a particular case of transposition of the heat transfer results to mass transfer cases. This 
analogy is based on the simplifying assumptions that Nu = Sr and (Sc) = (Pr) which 
is often the case for the gases. 
,2.3 The Use of Hydrodynamic Model 
The third method used to predict the mass transfer uses hydrodynamic models which try to inter­
pret the phenomena underlaying the mass transfer. From these models, mathematical expression 
are derived and compared to experimental results. 
Several models l ike 
- the laminar f i lm theory 
- the Reynolds analogy 
- the impulse method 
- the penetration model 
have been used wi th more or less success but these models only yield quali tat ive information. 
The conjunction of these models with the "boundary layer" model prooves to be the most power-
full tool avai lable to interpret the results. An understanding of the physical phenomena 
occuring in the "boundary layer" attached to the reacting sample helped us during this study to 
select the expression appropriate to the flow condition and geometries used in our experiments. 
In the simple cases the agreement between the prediction and the measurements has been very 
good. In more complex cases which are sti l l defying a rigorous mathematical analysis the agree­
ment between theory and the results is not so good but the observed phenomena can be qua l i ­
tatively interpreted by the "boundary layer" model. 
We feel that this method although some times leading to complicated mathematical development 
is the best approach to the problem in order to achieve the final goal of predicting performance 
of a plant in any operating conditions from a mathematical model. 
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A P P E N D I X I 
M e t h o d f o r C a l c u l a t i o n o f L o c a l M a s s T r a n s f e r 
C o e f f i c i e n t 
Dur ing the exper iment the k for the who le sample is measured as w e l l as ­=τ|­ ?r= . O n l y a 
exp r C 0 o + CO 
small par t ion of the sample is l a b e l l e d . 
2 
The cps is ­w to the loca l react i on 
The (CO­ + CO) is =¿ to the tota l react ion 
Thus 
ai =CinSC0~ K Ïexp]71 (A.II.l) 
1 exp 
K is constant 
COS a. symbol for ^r—,i­^~ at the loca t ion i ι CO + CO 
k . loca l mass transfer coe f f i c i en t at the loca t ion i exp ι 
14 s' surface of the C labe l l ed sample 
s to ta l surface o f the sampleN 
In order to f ind the va lue o f the constant le t us add a l l the a. 
ι 
η η , 
ξ ' a. = ζ . Κ . J ^ e x p i j ­ ^ ­ Κ (Α .Π .2 ) 
• ­ ι · ­ ι e x P 
i ­ l i ­ l Γ 
Consequent ly from ( A . I I . l ) and In t roduc ing the va lue o f Κ from ( A J I . 2 ) 
■ a. . k . s k . ­ — ι exp 
e x p i C . K . s' 
As the length o f the C s' is constant 
a. . k . s , κ k H ¡exp e x p x , K . s' 
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1 £ 
e x p x 9 2 i - l K. . s· 
, 1 <E__ α. . k . s k = — . _ , - i -p -exp 
exp χ n ι - I K. . s' 
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A P P E N D I X I I 
Development of C Label l ing Method for the P . C . T . E . 
M . Everett 
Fo l lowing the work of Kanter ^ ' and of Feldman^ on the se l f -d i f fus ion o f C atoms in g raph i te , 
it was dec id 
of l a b e l l i n g , 
14 
c i ed to at tempt to use the high temperature exchange of C 0 w i t h g r a p h i t e as a means 
14 
A techn ique has been developed wh ich uses inexpensive C 0 ? as the s tar t ing m a t e r i a l . O n e can 
thus obta in specimens w i th a re l a t i ve l y high speci f ic a c t i v i t y (about 1 m c / g ) w h i c h g r e a t l y increases 
the u t i l i t y of the specimens for graph i te corrosion exper iments. The l a b e l l i n g p rocedure wh ich con-
sists o f the two main stages is described below; 
14 
a) Degassing and C Exchange Process 
The specimen is d i rec t l y heated w i thou t rad ia t ion shields in a low v o l t a g e resistance fur-
nace and degassed at 2000 C in pur i f i ed he l ium for 3 hours. The he l i um is p u r i f i e d by 
c i r cu la t i on through a molecular sieve bed at -196 C (see F i g . A . I 1 .1) . A f t e r pumping 
14 
away the he l i um , 5 ml NTP of carbon d iox ide con ta in ing 1 Omc o f C 0 _ , is expanded 
into the furnace„ The temperature is raised to 2000 C again and the fu rnace operated as 
a closed system. Carbon d iox ide is converted to carbon monoxide by reac t i on w i t h the 
sample and exchange of carbon atoms slowly takes p lace between the carbon monoxide 
and the graphi te at 2000 C . During this operat ion the count rate shown by a gas-ce i l 
s c i n t i l l a t i on counter a t tached to the system, (see Fig 0 A . 11 .1 ) , fa l l s f rom 5 5 , 0 0 0 c.p.s. 
to about 5 ,000 c.p.s over a per iod of 4 - 5 hours, i nd i ca t ing that app rox ima te l y 9 0 % of 
14 
the C has been transfered to the specimen. The specimen is a l l o w e d to coo l and the re-
sidual ac t i ve carbon monoxide trapped in a molecular sieve bed at 1 9 6 ° C . 
This "exchange" process provides a high concent ra t ion o f C at the sur face o f the specie 
and i t is necessary to heat to temperatures of 2400°C for several hours in a second process 
14 . 
to dif fuse the C into the specimen. 
- 1 1 7 -
14 
C Diffusion Process 
The resistance furnace is reassembled with the specimen surrounded by one pyrographite 
and two normal graphite radiation shields. The specimen is degassed in vacuo at 1000 C 
for 10 minutes and the furnace then f i l led with dry hel ium. Helium is pur i f ied, as before, 
by circulat ion through a -196 C molecular sieve bed. The temperature of the specimen is 
raised to 2400 C and maintained there for 4 hours. The temperature is raised to 2500 C or 
2600 C for as long (usrally 30-60 min.) as the specimen can be run without risk of physical 
damage, which usually occurs if the electrical resistivity of the sample rises by more than 
20%. Under these conditions sufficient diffusion of carbon atoms takes place to give a 
14 reasonably uniform distribution of C throughout the sample. The specimen is removed to 
a glove box and trimmed to length. Of f -cu t portions are cast in epoxy-resin, polished and 
14 used for the preparation of autoradiography enabling the distribution of C to be examined. 
eferencess (1) M . A . Kanter - The Mechanism for Atom Motion in Graphite Crystals. 
Conference on the Kinetics of High Temperature Processes pp 61-66. 
Technology Pressc 
Massachusetts Institute of Technology, 1958. 
(2) M . H . Feldman - et a l . Studies of Self-Diffusion in Graphite using 
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F i g , 1.1 Flow p ic tu re ma te r i a l i zed by clouds of ammonium ch lo r i de "Loh riser 
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T a b i 2.1 
Values used for calculat ion of the diffusion coefficient 
From Hirschfeld, Bird and Spotz 
Gas 
°2 
A 
He 
N 2 
«/κ υκ 
110.3 
124.0 
6.03 
91.46 
r, A 
3, 433 
3, 418 
2.7 
3, 691 
T a b l e 2 .2 
Mass transfer values for parabolic velocity distribution and constant wall concentration 
FromR.H. Norris & D .D .S t re id - Trans. A . S . M . E . - 8 - 1 9 4 0 
d 
Gz = Re ' Sc · — 
χ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
12 
15 
20 
25 
30 
40 
60 
90 
130 
200 
300 
400 
600 
1.000 
2.000 
3.000 
4.000 
6.000 
10.000 
20.000 
30.000 
40.000 
k · d 
- c a — 
0. 50 
0. 99 
1. 48 
1. 92 
2. 29 
2. 60 
2. 86 
3. 07 
3. 25 
3. 41 
3. 66 
3. 96 
4. 38 
4. 72 
5. 02 
5. 52 
6. 32 
7. 24 
8. 18 
9. 45 
10. 8 
11. 9 
13. 6 
16. 1 
20. 3 
23. 3 
25. 6 
29. 3 
34. 8 
43. 8 
50. 2 
55. 2 
k , - d 
- c l m D 
3. 68 
8. 76 
3. 81 
3. 86 
3. 91 
3. 96 
4. 01 
4. 06 
4. 11 
4. 16 
4. 26 
4. 41 
4. 70 
4. 97 
5. 22 
5. 67 
6. 48 
7. 30 
8. 23 
9. 45 
10. 8 
11. 9 
13. 6 
16. 1 
20. 3 
23. 3 
25. 6 
29. 3 
34. 8 
43. 8 
50. 2 
55. 2 
T o b i « 2 .3 
Summary of ava! tabi« formula in hS# literature for prediction of the masi transfer coefficient : Sr = A Re ' S c ( j r ( —r) f · ( G r ) 
N o n 
Typ· o» 
work 
Refrene. 
e s t a b l i s h e d c o n c e n t r a i 
[Lomlniar 
Exp H.T 
Turbulen 
Exp H.T 
E x p H . r 
Th.or H . l 
Exp. H.T 
Th.ar H.T 
T . A . S . Μ . Ε . ό β , Ι Ζ 
H « l Transfer ρ 547 
Authors 
on a n d v e l o c i t y p r o f i l « 
M . Jakob and W . Dow 
M . Jakob 
N . A . C . Α . T .N1451 B o . l t « , Young, lv«rson 
N . A . C . q T.W1068 
Heat Transmission 
ρ 226 
Thesis Univ. Calif . 
Lahr, ko 
Mc . Adams 
Iverson 
E s t a b l i s h e d f l o w a n d non e s t a b l i s h e d c o n c e n t r â t 
I 
1 
1 
E 
E 
Laminar 
Exp H.T 
Exp H.T 
Exp H.T 
Th«or H.T 
ThoorH.T 
1 
urbulent 
T i . o r H . T h 
r 
* p . H.T t 
r 
xp. H.T 2 
V 
.xp. M .T 1 
Ind. Eng. chem. 
28 - 142? 
Chem.Eng. Prog. 
44,81 
T .A . I ch.Eng. 
(32.271 (305)) 
. Techn. Phys. 
(U.S.S.R. ) 
Jniv. Cal if . Pubis. 
Ί * . 5 (2) 23-58 
rans A . S . M . L 525 
r . A . C A . T . M . 
068 
Ι . Α . C A . T . N . 
451 
. V « . Omit. Ingr. 
erfah - 4 
ng. & Eng. Chim. 
Sieder & Tate 
Cholette 
Drew, HouW!, Mc . Adams 
E.A. Siaorw 
Martinelli & Boelter 
Narr i . & Str.id 
Latzko 
Boelter, Young, Ivenon 
r l . Hausen 
E.R. Gil l i land & T .K . Sher­
wood 
Year Re 
( short cal 
194V 
194« 
1944 
1954 
1943 
Re 
X 
Re> 
I4CDD 
on p r o f i l . 
1936 
1948 
1936 
1957 
< 
1940 
1944 
194« 
1943 
1934 
implicai 
X 
d 
Entrance 
Geometry 
ning section ) 
x/d>S 
x/dìtS 
x/d > 5 
x /d<0 .693 · 
»VA 
V Ì O O . 6 9 3 · 
Re V4 
V4 x/d < R . 
x/d>» * 
10 to 63 
ed equation < 
flew outside cylinder 
short calming 
sherp edge 
square - edge orifice 
Gz < 5 
5 < G z < 1 5 0 
for Gx> 10 
iven in the testf (equat 
Gz >10 
VdV5 
x o / d > 5 
f S - s » T - < « 
A 
0.592 
0.036 
0.0384 
0.0384 
0.023 
1.86 
0 .5 
1.42 
1.62 
1.65 
on 6.1 
1.65 
0.0384 
0.116 
0.023 
a 
1 
2 
0 .8 
0.75 
0.75 
0 .8 
1/3 
1 
0 .4 
1/3 
1/3 
1 
1/3 
0.7S 
R . ' 3 -1 
0.83 
b 
1 
3 
1 
T 
1 
1 
1 T 
1/3 
1 
0 .4 
1/3 
1/3 
1/3 
1 
5 1/3 
0 .44 
c 
0.14 
0.14 
0.14 
0 .14 
'Φ 
Φ" 
f.+0.7 f ) 
( 1 + 3 d/x ) 
( 1 + A d / a ) 7 < A < 1 7 
■1 ( G r ) 
_ J _ _4_ - 0 . 2 7 5 
l . l l . R . 5 . ( x / d ) 5 
1 + 0 . 1 4 4 . R . O ' 2 5 - ! 
X 
MV»,0·2214 x φ0-1144 
1 + 0 . 1 2 8 R . 0 2 5 - ± 
X 
1 
(4, τ 
( - / χ ) 0 · 4 
( d / x ) * 3 
tøx/3 
( d / x / 3 
1 + 0 . 0 6 7 R · 0 , 2 5 . a /x 
O+1.4 d/x) 
1 + («/x) V 3 
J_ 
ÛB l+OUBOt) -
for Gr > 25.000 
T a b l e 3.1 
Variables in the mass transfer study for the high temperature oxidation of graphite 
Experimental 
Variables 
Nature of 
sample 
Geometry 
Temperature 
Gas 
Sample 
Gas Composition 
Pressure 
Gas Flow 
Re 
d 
μ 
μ 
G 
Sc 
" μ, ρ D " 
Ρ/ D 
Ι 
Secondary Variables 
μ 
μ* 
μ 
χ 
f (Ή") 
χ · d 
GT 
d L 
Ρ.μ,ΔΤ 
ΔΤ 
Ρ, μ 
Ρ 
D 
Τ3/2 
Μ 
Τ 
T a b l e 3 .2 
Helium data at 20 atm 
τ Χ. 
0 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
μ. ίο"4 
1.86 
2.33 
2.77 
3.18 
3.56 
3.92 
4.26 
4.58 
4.89 
5.18 
5.46 
k . ίο"3 
1.42 
1.71 
1.97 
2.19 
2.40 
2.59 
2.77 
2.94 
3.10 
3.26 
3.40 
Pr 
0.681 
0.708 
0.733 
0.755 
0.771 
0.786 
0.799 
0.810 
0.820 
0.829 
0.836 
px io " 3 
3.572 
2.622 
2.062 
1.704 
1.448 
1.262 
1.116 
1.003 
0.908 
0.832 
0.766 
D 
0.031 
0.052 
0.078 
0.11 
0.146 
0.178 
0.218 
0.263 
0.309 
0.358 
0.41 
Sc 
1 .68 
1.71 
1.72 
1.69 
1.685 
1.745 
1.75 
1.74 
1.74 
1.735 
1.735 
μ 
k 
Pr 
Ρ 
D 
Sc 
cp 
= Viscosity 
= Thermal conductivity 
= Prandtl Number 
= Density 
= Di "fusion coefficient 
= Schmidt Number 
= Specific heat 1 .242 
poise 
cal - c m 
" I . s " I o ■ 
g · cm 
2 cm 
cal 
-3 
o c - | 
Tab: 3.3 
Nitrogen data at 20 atm 
μ 
k 
Pr 
Cp 
Ρ 
D 
Sc 
T°C 
0 
100 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
μ χ i o " 4 
1.7 
2.11 
2.49 
2.84 
3.16 
3.42 
3.69 
3.95 
4.18 
4.4 
4.6 
5 ­5 le· 10­10 
5.75 
7.5 
9.1 
10.55 
11.90 
13.1 
14.15 
15.15 
16.07 
16.9 
17.7 
Pr 
0.76 
0.71 
0.695 
0.691 
0.692 
0.697 
0.71 
0.725 
0.735 
0.75 
0.76 
Px IO"3 
20 atm 
25.2 
18.3 
14.25 
11.8 
10.01 
8.7 
7.75 
6.94 
6.31 
5.78 
5.31 
D 
20 atm 
0.012 
0.022 
0.032 
0.045 
0.059 
0.074 
0.091 
0.108 
0.127 
0.147 
0.168 
Sc 
0.563 
0.526 
0.545 
0.533 
0.537 
0.531 
0.522 
0.577 
0.520 
0.517 
0.515 
Φ 
' 258 
2536 
254 
2572 
262 
2674 
273 
278 
2828 
287 
2908 
Viscosity 
Thermal conductivity 
Prandtl Number 
Specific heat 
Density 
Diffusion coefficient 
Schmidt Number 
poise 
. ­ Ï "I °r 
cal ' cm s L 
ι ­ 1 °r '] 
cal . g · C 
­3 
g · cm 
2 ­1 
cm " s 
T a b l e ó . ! 
Mass f rans fe r c o e f f i c i e n t for d i f f e r e n t Re in l a m i n a r e l i u m f lov. ' w i t h a l o i ; C . ó err; in d i a m e t e r 
Sr 
k c 
D 
L = χ 
Re 
Sc 
d 
Test 
N° 
4 8 8 
4 8 9 
4 9 0 
491 
4 9 2 
j 49 3 
j 4 9 4 
495 
49ó 
497 
4 9 8 
4 9 9 
5 0 0 
501 
5 0 2 
503 
5 0 4 
k c · d , A]¡¡ ^ 7 1 /3 , Α 1 ς 
D 
• Re 
= A v e r a g e mass t r ans fe r c o e f f i c i e n t o v e r t h e w h o l e 
= D i f f u s i o n c o e f f i c i e n t of o x y g e n i n H e l i u m 
= S a m p l e l e n g t h 
= Reyno lds N u m b e r r e l a t i v t o d 
= S c h m i d t N u m b e r Sc = 1 
= I n t e r n a l d i a m e t e r 
I n i t i a l 
I m p u r i t y 
vpm 
6 8 
6 4 . 5 
5 5 . 5 
5 7 . 2 
5 8 
( g r a p h i t e 
Ts 
°C 
949 
950 
949 
952 
949 
63 j 951 
7 0 
64 
5 9 
5 7 . 5 
52 
62 
6 0 
65 
1 5 6 . 5 
5 0 
I 
¡63 
952 
945 
949 
950 
950 
949 
950 
950 
954 
949 
951 
I n l e t Gas 
T o 
°C 
320 
320 
320 
O u t l e t G a s 
5 0 4 
5 0 9 
5 1 4 
310 ! 556 
320 
390 
320 
310 
300 
300 
282 
282 
262 
262 
250 
252 
200 
536 
5 0 8 
506 
546 
5 4 0 
535 
531 
531 
5 1 0 
5 0 4 
486 
491 
4 5 8 
. 7 9 4 
Gas 
Τ 
0 m 
C 
412 
414.5 
417 
438 
428 
419 
413 
433 
420 
417 
406­
406 
386 
386 
368 
371 
329 
f / 3 ­ Sc 
e n g t h o f t f i 
ï 
Sc"3­ = 
F i l m 
6 8 0 
6 8 0 
6 8 4 
695 
6 8 8 
685 
682 
6 8 9 
6 8 4 
683 
678 
678 
668 
668 
661 
6 6 0 
6 4 0 
1/3 . 
e S a m p l e 
1.202 
MfXio­s 
­1 
g · s · err 
45.2 
45.2 
45.4 
45.7 
45.5 
45.4 
45.3 
45.5 
45.4 
45.4 
45.2 
45.2 
44.8 
44.8 
44.6 
44.6 
43.9 
<T>f 
c m / s 
2, cm / s 
10 cm 
0 . 6 cm 
r ^ x 1 0 ­ 5 m 
­1 ­ 1 ­1 
g ­s ­ c m 
3 6 . 1 
3 6 . 1 
3 6 . 3 
3 7 . 1 
3 6 . 7 
3 6 . 4 
3 6 . 1 
3 6 . 9 
3 6 . 4 
3 6 . 3 
3 5 . 9 
3 5 . 9 
3 5 . 2 
3 5 . 2 
3 4 . 5 
34.6 
33 
valid Gz > 10 
F l o w 
­ 1 
0 . 6 5 
0 . 5 0 5 
0 . 4 1 
0 . 3 0 5 
0 . 4 1 
0 . 5 0 5 
0 . 6 5 
0 . 3 1 
0 . 2 2 2 
0 . 2 2 3 
0 . 1 8 4 
0 . 1 8 7 
0 . 1 4 4 
0 . 1 4 4 
0 . 1 1 5 
0 . 1 2 
0 . 1 1 7 
Re m 
3,820 
2,970 
2,400 
1,745 
2,370 
2,940 
3,820 
1,785 
1,295 
1,295 
1,088 
1,106 
869 
865 
680 
240 
750 
D m 
0 . 1 4 8 
0 . 1 4 8 
0 . 1 4 9 
0 . 1 5 7 
0 . 1 5 3 
0 . 1 5 0 
0 . 1 4 8 
0 . 1 5 5 
0 . 1 5 0 
0 . 1 4 9 
0 . 1 4 6 
0 . 1 4 6 
0 . 1 3 9 : 
0 . 1 3 9 , 
0 .133 i 
0 . 1 3 3 ! 
0 . ι 20 ! 
Ι 
Ts s 
Τ ο 
TL 
τ 
m 
TF 
k 
c ­1 
cm · s 
5 . 1 3 
5 . 7 5 
5 . 1 5 
4 . 7 0 
4 . 5 5 
5 . 0 6 
5 . 4 5 
4 . 6 4 
3 . 6 9 
3 . 8 0 
3 . 7 8 
3 . 7 1 5 
3 . 6 3 
3 . 6 3 
4 . 0 0 
4 . 1 2 5 
3 . 3 8 
G r a p h i 
G a s i n 
G a s ou 
Τ + o 
2 
Τ + s 
2 
°2 -
c m ¿ ­s 
0.254 
0.254 
0.255 
0.26 
0.257 
0.255 
0.253 
0.257 
0.255 
0.254 
0.252 
0.252 
0.248 
0.248 
0244 
0.244 
0.235 
t e s u r f a c e t e m p e r a t u r e 
e t t e m p e r a t u r e 
t i e t tempe 
TL 
T m 
ReF 
3,050 
2,340 
1,920 
1,420 
1,910 
2,360 
3,050 
1,445 
1,038 
1,042 
865 
878 
682 
682 
547 
V I 
565 
i r a t u r e 
I k . d 
12.8 ' 
I 13.7 
12.15 : 
! 10.82 
10.6 
! 11.95 ; 
12.93 ' 
10.82 
8.71 
8.98 
9.01 ; 
8.88 
8.78 ί 
8.73 ; 
9.83 
10.15 
8.65 
T a b l e 6 . 2 
Mass Transfer coefficient for different Re in turbulent He flow with a long calming section 0.6 cm in diameter 
a = 
L=x = 
Re = 
Sc = 
Average mass transfer coefficient over the whole length of the sample 
Diffusion coefficient of oxygen in helium 
Sample length 
Internal diameter of sample 
Sr 0.0384 · Re 0.75 ( 1 +0 .067 
v a l i d for —τ­
0.25 d 
2, 
cm /s 
10 cm 
0.6 cm 
Τ + T, 
Properties evaluated at Τ 
Reynolds Number relative to d 
Schmidt Number Sc = 1 .704 
1 
1 .202 
Test 
N o . 
304 
305 
311 
312 
316 
312 
324 
343 
344 
345 
346 
347 
348 
349 
350 
351 
352 
353 
355 
356 
357 
358 
359 
481 
482 
483 
484 
485 
486 
1 487 
Ini t ial 
Impurity 
vpm 
46.2 
i 52.8 
: 58.5 
59.0 
48.0 
44.5 
54.2 
65 
64 
62.5 
52.5 
58.1 
70 
57 
63 
59.5 
61.5 
75 
70 
37.8 
26.0 
68.0 
58.0 
67.5 
71 
62 
62 
69 
65 
82 1 
Graphite 
Τ 
°cs 
950 
950 
953 
950 
946 
958 
948 
950 
950 
951 
948 
949 
952 
951 
949 
950 
951 
951 
948 
949 
951 
952 
951 
955 
952 
951 
951 
952 
950 
953 
1 
Gas Inlet 
To 
°C 
15 
15 
315 
338 
15 
333 
15 
296 
346 
15 
15 
15 
268 
303 
160 
127 
112. 
96 
15 
15 
150 
141 
260 
320 
320 
320 
320 
320 
320 
320 
Gas Outlet 
TL 
°C 
170 
170 
511 
502 
196 
495 
270 
434 
570 
201 
203 
233 
552 
517 
340 
373 
400 
404 
212 
276 
350 
359 
560 
521 
524 
524 
526 
526 
222 
528 
Gas 
I™ °c 
92.5 
92.5 
413 
415 
105.5 
414 
142 
315 
458 
108 
109 
124 
410 
410 
250 
250 
256 
250 
114 
145 
250 
250 
410 
421 
422 
422 
423 
423. 
421 
424 
TF 
°C 
521 
521 
683 
6833 
526 
686 
545 
632 
704 
529 
529 
537 
681 
681 
600 
600 
603 
600 
531 
547 
600 
600 
681 
68Ö" 
687 
686 
687 
687 
685 
688 
4nX 10_5 
­1 ­1 g cm s 
22.9 
22.9 
36.1 
36.2 
23.5 
36.1 
25.1 
32.4 
37.7 
23.6 
23.6 
24.3 
36 
36 
29.8 
29.8 
30 
29.8 
23.9 
25.3 
29.8 
29.8 
36 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 
36.5 
Flow 
­1 
g · s 
1.0 
1.5 
1.5 
1.0 
0.65 
0.65 
0.4 
1.0 
1.25 
1.25 
0.8 
1.75 
1.25 
0.8 
0.8 
1.0 
1.25 
1.5 
0.65 
0.4 
0.4 
0 .4 
004 
0.8 
0.8 
1.0 
1.0 
1.0 
1.2 
1.2 
Re m 
9,220 
13,900 
8,820 
5,860 
5,860 
3,805 
3,365 
6,350 
7,020 
11,260 
7,160 
15,200 
7,360 
4,7D0 
5,700 
7,120 
9,200 
11,060 
5,780 
3,350 
2,850 
2,850 
2,350 
4,650 
4,650 
5,810 
5,810 
5,870 
6,970 
6,970 
D m 
2 ­1 cm · s 
0.051 
0.051 
0.148 
0.148 
0.054 
0.148 
0.063 
0.116 
0.164 
0.054 
0.054 
0.058 
0.157 
0.157 
0.095 
0.095 
0.096 
0.095 
0.056 
0.064 
0.095 
0.095 
0.157 
O. tS i 
0.151 
0.151 
0.151 
0.151 
0.151 
0.151 
k c 
­1 cm *s 
3.10 
4.33 
7.27 
5.17 
3.17 
4.25 
3.45 
4.55 
7.05 
3.14 
2.43 
4.04 
6.57 
3.96 
2.64 
3.88 
4.78 
5.34 
2.77 
1.77 
1.77 
2.53 
3.17 
5.3 
5.78 
6.29 
7.05 
7.08 
8.5 
7.39 
k · d c 
D m 
36.5 
51 
39 
21 
35.2 
17.25 
32.8 
23.5 
25.75 
34.9 
27. 
41 .4 
25.16 
15.18 
16.7 
24.5 
29.8 
33.7 
29.7 
Î 6 . 7 
11.2 
15.96 
12.1 
21 
22.95 
24 .9 
28.05 
28.1 
33.7 
29.3 
k · d , c . i 
D m c OC 
30.4 
42.5 
24.2 
17.45 
29.3 
14.35 
27.3 
19555 
21.41 
29.05 
22.45 
34.5 
20.95 
12.6 
13.91 
20.4 
24.9 
28.1 
24.78 
13.91 
9.35 
13.3 
10.1 
17.47 
19.1 
20.7 
23.3 
23.35 
28 
24.4 
1 
3­j 
Tabte ó.3 
Mass fransfer coef f i c ien t for d i f ferent Re in turbulent N_ f low w i th a long calming section 0 .6 cm in diameter 
k 
c D 
L=x 
d 
Re 
Sc 
G 
Τ s 
Τ 
m 
TF 
Test 
No. 
591 
$92 
593 
194 
595 
596 
597 
598 
599 
600 
601 
602 
603 
604 
605 
606 
Average mass transfer coefficient over the who 
Diffusion coefficient of oxygen in nitrogen 
Length of sample 
Internal diameter of sample 
Reynolds Number relative to d 
Schmidt Number 
Mass flow 
Mean graphite wall temperature 
Bulk gas temperature 
Film temperature 
Initial 
Impurit'r/ 
vpm 
42 
45 
48 
40 
34 
39.5 
40 
48 
41.5 
43 
46 
49 
38 
37 
35.5 
35.5 
Graphite 
Ts °C 
950 
952 
953 
952 
951 
949 
951 
949 
948 
952 
951 
951 
952 
957 
951 
952 
Gas 
k 
360 
364 
368 
374 
380 
360 
374 
357 
342 
350 
336 
336 
379 
378 
376 
375 
e length of the sample 
Gas 
TL 
°C 
541 
543 
552 
552 
547 
537 
557 
538 
517 
528 
Θ02 
505 
552 
527 
528 
528 
Τ 
m 
o 
C 
450 
453 
460 
463 
463 
448 
465 
447 
429 
439 
419 
420 
465 
452 
452 
451 
cm/s 
cm/ s 
10 cm 
0.6 cm 
1 
0.528 Se3 = 
g/s 
°c 
°c 
°c 
ÏF 
°c 
700 
702 
706 
708 
707 
699 
708 
698 
688 
695 
685 
685 
708 
704 
701 
701 
= 0.81 
M m X l 0 " 5 
­1­1 
g · cm s 
32.8 
32.9 
33.1 
33.2 
33.2 
32.8 
33.2 
32.7 
32.2 
32.5 
31.9 
31.9 
33.2 
32.9 
32.9 
32.9 
Sr = ­
k _d c ' — r\ r\ \J.\J 384 · Re ° · 7 5 · Se x 
D 
T + T, 
Properties evaluated at Τ = ^ 
m 2 
Flow 
G ­1 g · s 
11.9 
10.55 
9.25 
7.9 
6.6 
11.9 
7.9 
13.0 
19.2 
16.0 
21.7 
21.7 
4.52 
3.32 
2.84 
2.37 
3 
Re x 10 
m 
77 
68.1 
59.3 
50.5 
42.2 
77 
50.5 
D m 
0.068 
0.068 
0.0685 
0.069 
0.069 
0.068 
0.070 
k 
­ ] cm s 
8.95 
7.75 
9.28 
9.46 
8.1 
8.6 
7.58 
84.4 0.067 8.58 
126.5 0.064 9.46 
1M.5 0.066 ! 9.65 
1*4.4 0.065 10.70 
144.4 
28.9 
21.4 
18.35 
15.3 
0.065 12.5 
0.070 1 6.20 
0.068 5.05 
CDCB8 4.2 
0.068 4.13 
( 1 +0.067 
k(t · d 
D 
m 
79 
77.4 
81.2 
82.2 
69.5 
75.9 
64.5 
3S.7 
88.5 
86.7 
99 
115.5 
33.1 
44.2 
37.1 
36.5 
Re°·25 Λ ) 
χ 
k r— d 1 
D 
m 
S 
97.5 
95.5 
100.2 
101.5 
85.7 
93.7 
79.5 
94.7 
109.3 
107 
122.3 
142.5 
65.7 
54.7 
45.7 
45 
1 
c 3 
­
T a b l e ά . 4 
Wti t r a r a f « c o e f f i c i e n t a i f unc t i on of Re ¡ ι e i r a b l b h e d lomir>ar he l i um f l o w w i t h a i h o i p edge ent rance in a 0 . 3 6 cm channel 
Sr = ­
k 
c 
D 
1 1 
k ■ χ 3 
D 
average m o « transfer coe f f i c i en t 
Di f fusion c o e f f i c i e n t of oxygen i 
L= χ = Sample length 
Re 
Sc 
d 
Test 
N o . 
377 
37Θ 
379 
381 
382 
383 
384 
385 
387 
388 
38? 
390 
391 
392 
393 
394 
396 
397 
398 
428 
429 
430 
431 
432 
433 
4 3 4 
435 
436 
437 
438 
»39 
4 4 0 
441 
442 
4 t 3 
444 
419 
4 2 0 
421 
422 
423 
424 
425 
426 
427 
Reynolds Number r e l a t i v e to the 
chmidt Number 
n terna l d iameter of sample 
I n i t i a l 
Impur i ty 
3 6 . 7 
3 8 . 5 
3 3 . 0 
4 3 . 8 
4 4 . 0 
4 0 . 2 
4 3 . 0 
4 5 . 0 
3 8 . 0 
4 0 . 0 
4 1 . 8 
4 2 . 0 
4 9 . 3 
4 9 . 0 
5 3 . 0 
5 0 . 6 
4 1 . 2 
4 6 . 8 
4 4 . 5 
G r a p h i t e 
T, 
° C 
952 
955 
955 
951 
951 
954 
955 
950 
949 
949 
949 
948 
949 
«49 
950 
950 
94β 
950 
947 
948 
948 
950 
952 
951 
949 
951 
959 
94¡J 
947 
952 
950 
957 
949 
950 
950 
950 
950 
950 
953 
950 
955 
954 
952 
948 
948 
x 
o»er the length 
t h e l i u m 
d is tance χ = L 
Gas in le t 
To 
° C 
16 
16 
16 
236 
236 
171 
286 
300 
251 
14 
230 
146 
243 
243 
270 
270 
16 
266 
170 
284 
214 
284 
284 
284 
284 
28« 
234 
2d4 
275 
260 
260 
275 
204 
204 
15 
15 
284 
284 
284 
284 
284 
284 
284 
284 
284 
Sr = — 
of the sanp le 
Gos ou t l e t 
"C 
474 
476 
476 
588 
588 
523 
584 
608 
443 
390 
456 
432 
545 
545 
594 
594 
434 
504 
490 
532 
536 
536 
538 
555 
536 
570 
555 
54o 
521 
510 
511 
528 
467 
474 
436 
4 4 0 
527 
518 
518 
526 
533 
526 
526 
526 
526 
= 0 0 
cm/s 
cm 2 / s 
X --■ 
Se = 1.7 
0 . 3 6 cm 
Τ 
° C 
245 
246 
246 
412 
412 
347 
435 
454 
347 
202 
343 
289 
394 
394 
432 
432 
225 
385 
330 
409 
411 
411 
412 
419 
411 
423 
426 
419 
3 N 
3 « 
315 
4 0 0 
283 
286 
228 
230 
405 
399 
399 
403 
406 
403 
403 
403 
403 
3 
664 · Sc 
J_ 
1 
2 
■ Se ­ G ) 
J4 Sc3 = 1.202 
μ χ i o " 5 
­1 
g cm s 
2 9 . 7 
2 9 . 7 
2 9 . 7 
3 6 . 1 
3 6 . 1 
3 3 . 7 
3 6 . 9 5 
3 7 . 6 
3 3 . 7 
2 7 . 8 
3 3 . 5 
3 1 . 4 
3 5 . 4 5 
3 5 . 4 5 
3 6 . 8 5 
3 6 . 8 5 
2 8 . 8 
3 5 . 1 
3 3 . 0 
3 6 . 0 
3 6 . 0 
3 6 . 0 
3 6 . 1 
3 6 . 4 
3 6 . 0 
3 6 . 7 
3 6 . 7 
36.<: 
3 5 . 5 
3 5 . 1 
3 5 . 1 
3 5 . 7 
3 1 . 2 
3 1 . 3 
2 9 . 0 
2 9 . 0 
3 5 . 8 
3 5 . 7 
3 5 . 7 
3 5 . 8 
3 5 . 8 
3 5 . 8 
3 5 . 8 
3 5 . 8 
3 5 . 8 
Flow 
­1 
9 s 
0 . 1 4 
0 . 1 4 
0 . 1 4 
0 . 1 4 
0 . 1 4 
0 . 1 4 
0 .17 
0 . 2 2 
0 . 1 0 5 
0 . 1 1 
0 . 1 1 
0 . 1 1 
0 .15 
0 . 1 5 
0 . 2 0 
0 . 2 0 
Û.137 
0 .137 
0 .131 
0 . 6 
0 . 6 
0 . 4 
0 . 4 
0 . 5 
C.66 
0 . 3 2 
0 . 2 2 
U.21 
J . 1 6 . 
0 . 1 4 
0 . 1 4 
0 . 1 6 6 
0 . 1 6 6 
0 . 1 6 6 
0 . 1 6 6 
0 . 1 6 6 
1.391 
1.39 
1.39 
1.2 
1.2 
1.0 
1.0 
0 . 3 
0 . 3 
1 
2 2 
aslongos£ <r­τ­ orRe^43x (­g­) = 
To + T L Propert ies eva lua ted at Τ = τ 
_ 4 G ­ X 
χ 2 
π d ·μ 
a l Re = 1 0 , 0 0 0 k / D = 7 . 9 6 t heo r . 
ot Re = 4 0 , 0 0 Q k / D = 1 5 . 9 2 theor . 
Re 
1,666 
1,688 
1,668 
1,370 
1,370 
1,469 
1,627 
2 , 0 7 0 
1,100 
1,400 
1,162 
1,238 
1,495 
1,495 
1 ,920 
1,920 
1 ,682 
1 ,382 
1 ,402 
5 , 9 0 0 
5 , 9 0 0 
3 , 9 3 0 
3 , 9 2 0 
4 , 8 6 0 
6 , 5 0 0 
3 , 0 8 0 
2 , 1 2 0 
2 , ^ 4 u 
l , 6 5 u 
1,410 
1,410 
1,600 
1,880 
1,880 
w n 2 , 0 2 0 
13 ,710 
13 ,790 
1 3 , 7 9 0 
ilJfMC 
t1J*80c 
9 , 8 9 0 
9 , 8 9 0 
7 , 9 0 0 
Re χ 10 
4 6 . 3 
4 6 . 3 
4 6 . 3 
38 
38 
4 0 . 7 
4 5 . 2 
5 7 . 5 
3 0 . 6 
3 8 . 9 
3 2 . 4 
3 4 . 4 
4 1 . 5 
4 1 . 5 
5 3 . 3 
5 3 . 3 
4 6 . 8 
3 7 . 2 
39 
164 .82 
164.12 
1 0 9 . 2 
1 0 9 . 2 
1 3 4 . 5 
l t t . O 
8 5 . 6 
5 9 . 0 
5 6 . 7 
4 5 . 9 
3 9 . 2 
3 9 . 2 
4 4 . 4 
5 6 . 2 
5 6 . 2 
5 6 . 1 
5 6 . 1 
382 
384 
384 
330 
330 
2 7 4 . 5 
2 7 4 . Í 3 
220 
7 , 9 0 0 220 
D 
2 H 
cm s 
0 . 0 9 3 
0 . 0 9 3 
0 . 0 9 3 
0 . 1 4 8 
0 . 1 4 8 
0 . 1 2 6 
0 . 1 5 6 
0 . 1 6 3 
0 . 1 2 6 
0 . 0 7 9 
0 . 1 2 5 
0 . 1 0 7 
0 . 1 4 2 
0 . 1 4 2 
0 . 1 5 4 
0 . r 5 4 
0 . 0 8 6 
0 . 1 3 8 
0 . 1 2 0 
0 . 1 4 6 
0 . 1 4 6 
0 . 1 4 6 
0 . 1 4 8 
0 . 1 5 0 
0 . 1 4 6 
0 . 1 5 3 
0 . 1 5 3 
U.15V 
0 . 1 4 2 
0 . 1 3 8 
0 . 1 3 8 
0 . 1 4 4 
0 . 1 0 6 
0 . 1 0 6 
0 . 0 8 7 
0 . 0 8 7 
0 . 1 4 5 
0 . 1 4 3 
0 . 1 4 3 
0 . 1 4 5 
0 . 1 4 5 
0 . 1 4 5 
0 . 1 4 5 
0 . 1 4 5 
0 . 1 4 5 
3 3 . 1 0 0 or R e ^ 1.195 
ot Re = 
or 
k . d 
at Re =10,000,­ C p = 
k 
c 
­1 
cm s 
1.52 
1.73 
1.75 
2 .27 
2 . 2 5 
1.94 
2 . 3 7 
2 . 7 0 
2 . 2 0 
1 .54 
1.88 
1.86 
2 . 3 2 
2 . 4 0 
2 . 4 9 
2 . 5 5 
1.66 
2 . 1 1 
1.925 
k ■ d 
D 
m 
5 . 8 7 5 
6 . 7 
6 . 7 8 
5 . 5 1 
5 . 5 1 
5 . 5 4 
5 . 4 6 
5 . 9 5 
6 . 2 9 
7 . 0 1 
5 . 4 2 
6 .25 
5 . 8 8 
6 . 0 8 
5 . 8 2 
5 . 9 8 
6 . 9 7 
5 . 5 
5 . 7 8 
1 0 . 8 
1 0 . 2 
9 . 3 
8 . 4 8 
9 . 2 9 
l * v 7 
7 . 6 
6 . 3 4 
5 . 8 8 
5 . 5 3 
6 . 4 2 
6 . 4 5 
5 . 9 4 
6 . 1 0 
6 . 2 4 
6 . 0 5 
5 . 8 2 
2 3 . 9 
1 7 . 4 3 
1 6 . 3 
1 4 . 1 5 
1 5 . 3 7 
1 3 . 0 5 
1 3 . 4 5 
1 0 . 2 3 
10 .85 
= 4 . 7 9 
15 .17 
k ■ L 
D 
1 6 . 3 
1 8 . 6 
1 8 . 8 
1 5 . 3 
1 5 . 3 
1 5 . 4 
1 5 . 2 
16 .5 
1 7 . 4 
19 .5 
15 
1 7 . 4 
16 .3 
1 6 . 8 
16 .1 
1 6 . 6 
1 9 . 4 
1 5 . 3 
16 
30 
2 8 . 3 
2 5 . 8 
2 3 . 5 
2 5 . 7 
2 9 . 7 
2 1 . 1 
1 7 . 6 
1 6 . 3 
1 5 . 4 
1 7 . 8 
1 7 . 8 5 
16 .5 
1 6 . 9 5 
1 7 . 3 
1 6 . 8 
1 6 . 2 
6 6 . 2 
4 8 . 5 
4 5 . 3 
3 9 . 2 
4 3 . 8 
3 6 . 3 
3 7 . 5 
2 8 . 4 
3 0 . 2 
Table 6.5 
χ 
M a u fnnsfef coefficient as function of Re in He flew with a short calming section (—j-) in 0.36 cm diameter channel 
d 
k 
c D 
L= χ 
χ = 0 
d 
Re 
Sc 
G 
Re χ 
Test 
No. 
505 
506 
507 
508 
509 
510 
511 
512 
513. 
514 
515 
516 
517 
518 
519 
520 
521 
522 
523 
524 
525 
526 
527 
528 
529 
530 
531 
Average mass transfer coefficient ober the whole length of the sample 
Diffusion coefficient of oxygen in helium 
Distance from entrance to end of sample 
Distance from entrance to beginning of sample 
Internal diameter of sample 
Reynolds Number relative to d 
Schmidt Number 
Mass flow 
4 G χ 
lid μ d 
Initial 
Impurity 
vpm 
76 
68 
61 
75 
79 
53.5 
50 
51 
52.5 
50 
52 
48 
51.5 
59 
55.5 
50.5 
49 
51.5 
46 
46 
46.5 
46 
81 
61 
55.5 
55.5 
53 
Graphite 
Ts 
OC 
955 
955 
952 
951 
951 
949 
949 
949 
949 
951 
950 
952 
953 
955 
951 
951 
951 
952 
951 
951 
953 
951 
952 
950 
950 
950 
951 
Intets 
GÏKJO 
°c 
304 
304 
304 
304 
304 
304 
304 
304 
304 
302 
302 
293 
293 
296 
304 
301 
292 
276 
255 
15 
15 
15 
304 
304 
304 
304 
297 
Outlet 
Gas T|_ 
°C 
518 
514 
508 
554 
557 
502 
500 
514 
516 
545 
545 
578 
576 
550 
560 
556 
542 
528 
506 
416 
435 
437 
580 
537 
504 
528 
561 
Gas 
Tm 
°C 
411 
409 
406 
429 
430 
403 
402 
409 
410 
423 
423 
435 
434 
423 
432 
428 
417 
402 
380 
215 
225 
226 
442 
420 
402 
416 
429 
u χ io"5 
*m 
-1 -1 g-cm -s 
36.1 
36.0 
35.9 
36.7 
36.7 
35.8 
35.8 
36.0 
36.0 
36.5 
36.5 
37.0 
37.0 
36.5 
36.8 
36.7 
36.3 
35.7 
35.0 
28.4 
28.8 
28.8 
37.2 
36.4 
35.7 
36.3 
36.7 
Flow 
-1 
9-s 
1.0 
1.0 
1.0 
1.2 
1.2 
0.8 
0.8 
0.65 
0.65 
0.5 
0.5 
0.34 
0.34 
0.41 
0.229 
0.20 
0.17 
0.14 
0.113 
0.209 
0.166 
0.115 
1.2 
1.0 
0.82 
0.58 
0.41 
cm/s 
2 . c m / s 
23 cm 
13 cm 
0.36 cm 
1 
Sc= 1.704 Sc 
g / « 
Re m 
9,800 
9,830 
9,860 
11,580 
11,580 
7,900 
7,900 
6,390 
6,390 
4,840 
4,840 
3,250 
3,250 
3,980 
2,200 
1,930 
1,660 
1,390 
1,142 
2,620 
2,040 
1,412 
11,410 
9,720 
8,130 
5,750 
3,960 
= 1.202 
Re x m 
χ IO"3 
593 
595 
597 
701 
701 
478 
478 
387 
387 
294 
294 
197 
197 
242 
1,335 
1,172 
101 
84 
69 
159.5 
124.5 
85.5 
692 
589 
492 
348 
240 
D m 
2 -1 cm s 
0.147 
0.147 
0.146 
0.154 
0.154 
0.145 
0.145 
0.147 
0.147 
0.151 
0.151 
0.156 
0.156 
0.151 
0.154 
0.153 
0.149 
0.144 
0.136 
0.083 
0.086 
0.086 
0.158 
0.151 
0.144 
0.149 
0.153 
k 
c 
-1 cm s 
4.18 
4.03 
3.98 
6.6 
6.17 
3.92 
3.14 
3.2 
3.08 
2.94 
3.03 
2.66 
2.82 
3.02 
2.52 
2.38 
2.06 
2.145 
2.28 
1.617 
1.42 
1.44 
6.34 
4.16 
3.10 
2.96 
2.84 
k ■ d c 
D m 
10.20 
9.87 
9.75 
15.4 
14 
9.75 
7.8 
7.85 
7.55 
7.04 
7.20 
6.14 
6.5 
7.17 
5.9 
5.58 
4.97 
5.37 
5.98 
7 
5.94 
6.04 
14.45 
9.9 
7.77 
7.13 
6.7 
T a b l e 6 . 6 
A/.ass transfer c o e f f i c i e n t f u n c t i o n of —­ ¡n non estab l ished laminar h e l i u m f l o w (Re 1382) w i t h a sharp edge en t r ance in 0 . 3 6 cm d iame te r channe l 
d 
k A v e r a g e mass transfer c o e f f i c i e n t over the w h o l e length of the sample 
k _ A v e r a g e mass transfer c o e f f i c i e n t be tween χ and χ cx o 
D D i f fus ion c o e f f i c i e n t of oxygen in h e l i u m 
χ D is tance frorr en t rance to end of a c t i v e sample 
d In te rna l d iame te r of sample 
Re Reynolds Number r e l a t i v e to d 
Sc Schmid t N u m b e r = Sc = 1 . 704 
cm/s 
cm/s 
2, 
c m / s 
0.36 
T o + T L Propert ies e v a l u a t e d a t Τ = ζ r m 2 
Constant 2 . 0 3 · 11 0 . 2 1 1 4 · 1.5 M e a n k = 2 . 0 3 c 
k ­ = cons tant * CPS cx 
1 .202 
G 
Test 
N o . 
399 
400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
410 
411 
412 
413 
414 
415 
416 
417 
I 418 
Mass flow 
Init ial 
Impurity 
vpm 
48.3 
87.0 
77.0 
70.2 
75.0 
81.0 
82.0 
81.8 
120.0 
107.0 
109.0 
113.0 
109.0 
100.0 
114.0 
158τ0 
170.0 
160.0 
160.0 
| 153.0 
ι 
Graphite 
Τ s 
C 
950 
950 
949 
950 
950 
949 
948 
948 
948 
948 
948 
949 
951 
952 
949 
950 
948 
951 
949 
Gas Inlet 
Τ ο 
C 
246 
i 
ί 
, 952 Ι 
Gas Out let 
TL 
C 
552 
557 
570 
570 
570 
559 
567 
568 
543 
552 
561 
566 
578 
590 
566 
m 
557 
569 
573 
g / s k = 0.664 · D · 
Gas W x 10 ["m 
T m 
C 
399 
402 
408 
408 
408 
403 
407 
407 
394 
399 
404 
406 
412 
418 
406 
404 
404 
401 
408 
410 
-1 -1 
g cm s 
35.8 
Flow Re χ 
-1 
g · s 
0.14 1,382 1.8 
1 8 
1.8 
1.8 
1.8 
3.3 
3.3 
3.3 
4 .8 
4 .8 
4 .8 
6.3 
6.3 
6.3 
7.8 
7.8 
7 .8 
D 
2 -1 
cm s 
0.144 
9.3 | 
9 . 3 ; 
9.3 
! ι 
cps 
[ C 0 2 ] + [ C 0 ] 
0.118 
0 160 
0.093 
0.089 
0.894 
0.0358 
0.0341 
0.04 
0.0274 
0.036 
0.0266 
0.0192 
0.0210 
0.020 
0.0185 
0.0174 
0.0223 
0.0134 
0.0144 
0.0166 
1 
*s ψ ' 
k 
-1 
cm s 
1.84 
1.79 
1.81 
1.86 
1.87 
1.87 
1.997 
2.36 
1.96 
1.915 
1 .94 
1.85 
1.98 
1.91 
1.925 
2.10 
2.24 
2.24 
Mean 
-o2]+[coi 
0.0905 
0.0366 
0.030 
0.0201 
0.0194 
0.0148 
k 
ex 
" D 
VaÜW for 
Mean 
k 
c 
­1 cm s 
1.85 
2.07 
1.935 
1.915 
2.2 
2.2 
d ­1 ­L 1 
­ = 0.664 ■ Se ■ Re2 · (β-)2 
­ Re · d „ , χ «CT rx = 11,6 cm 4xj 
χ I x k _ Σ> g-
o < 
0.0905 
0.1271 
0.1571 
0.1772 
0.1966 
0.2114 
0.0905 6.38 
0.0635 4.47 
0.0524 3.69 
0.0443 
0.0393 
0.0353 
3.42 
2.77 
2.48 
k ^ d 
D 
15.95 
X 
d 
5 
11.16 9.16 
9.23 13.7 
7 .8 
6.93 
6 .2 
ι 
17.5 
21.7 
25.8 
¡ 
k _ 
D 
44.3 
31 
25.6 
21.6 
19.3 
17.2 
T a b l e ó . 7 
k A v e r a g e transfer c o e f f i c i e n t over the who le sample length 
k — Average mass t ranfer c o e f f i c i e n t f rom in l e t up to d is tance χ cx 
D D i f fus ion c o e f f i c i e n t of oxygen in h e l i u m 
χ D is tance f rom ent rance to end of a c t i v e sample 
Internal d iameter of sample d 
Re 
5c 
G 
cm/s 
cm/s 
2 , cm / ; 
cm 
0.3Ó cm 
+ T, 
Reynolds Number r e l a t i v e to d 1 
Schmidt Number Sc = 1 . 7 0 4 Sc 3 
Mass f l o w 
1.202 
Propert ies e v a l u a t e d a t Τ 
m 
r . M e a n k t low c 
0 . 8 3 . 5 2 
1.0 4 .125 
1.2 4 . 7 3 
1.5 5 .6) 
a/s 
CO.625 Re 0 . 2 5 
2 
Constant 
80.08 
105 
226 
138.7 
' - ^ ■ = 1 . 1 1 χ 
" — ¡ ^ = (0.0384 
Re 5 (j) 4/5 
0 . 6 2 5 R e 0 ' 2 5 — c x ­ ^ ­ f ( 0 . 0  · Re ° · 7 5 ■ Sc) · (1 + 0 . 1 4 4 Re ° ' 2 5 ■ — ) 
Test 
No . 
3 raph i t t 
C 
Gas i n l e t 
T „ 
Gas O u t l e t μχ io 
- ι - ι 
g · cm s 
F low 
G C O , 
Mean 
SEL CO ) SEL y π 
k ­ ■ d 
­ c x — 
447 
448 
452 
456 
459 
460 
462 
465 
466 
467 
468 
469 
470 
474 
451 
455 
461 
47c 
479 
473 
449 
453 
■4 57 
4 
4 7 5 
47S 
4Γ1 
450 
454 
458 
463 
477 
480 
472 
950 
950 
944 
947 
950 
950 
949 
946 
950 
950 
950 
951 
950 
955 
949 
951 
049 
952 
948 
952 
952 
052 
•=52 
952 
952 
950 
948 
952 
949 
952 
951 
953 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
280 
230 
260 
280 
28^ 
260 
2 SO 
280 
2 SO 
280 
280 
2S0 
280 
280 
280 
230 
531 
531 
522 
516 
524 
526 
522 
523 
516 
520 
528 
524 
528 
518 
512 
528 
514 
540 
516 
522 
53! 
52° 
532 
514 
52c 
536 
Λ99 
500 
497 
514 
496 
500 
406 
406 
401 
398 
402 
403 
401 
402 
398 
400 
404 
402 
404 
399 
396 
404 
397 
410 
399 
401 
4uc 
4,J5 
391 
406 
397 
403 
408 
3?0 
390 
389 
397 
388 
395 
9 , 9 0 0 
V i ,aiå 
0.0849 
0.0/65 
U.0913 
0.0631 
U.U603 
0.0685 
0.0467 
0.0366 
0.0367 
0.0380 
0.0296 
0.0279 
0.0241 
0.0164 
0.1025 
0.0764 
0.0493 
0.0439 
u,u2/2 
0.0205 
0.06C1 
J.0770 
0.07C5 
3.0510 
0.0396 
0.0224 
0.0230 
0.0853 
0.0946 
0.070 
0.0529 
0.0368 
0.0259 
0.0192 
0.0842 
0.0706 
0.0467 
0.0371 
0.0287 
0.0205 
0.1025 
0.0764 
0.0493 
0.0439 
0.0272 
0.0205 
0.0685 
0.0705 
0.0510 
0.0396 
0.0224 
0.0230 
0.0899 
0.070 
0.052S 
0.0368 
0.0259 
0.0192 
0 . 0 8 4 2 0 . 8 4 2 
0 .0774 8.12 
0.2015 
0.2386 
0.2673 
0.2878 
0.1025 
0.1789 
0.2282 
0.2721 
0.2993 
0.3198 
0.0672 
0.0596 
0.0535 
0.0480 
0.1025 
0.0894 
0.0761 
0.0680 
0.0598 
U.U533 
7.05 
6.27 
5.63 
5.05 
8.30 
7.22 
6.16 
5.5 
4.84 
4.31 
13.3 
17τ5 
21 .65 
2 5 . 8 
5 
'>. 17 
13.3 
i / . 5 
2 1 .65 
7 5 . 8 
0.0685 
0.1390 
0,1900 
0.2296 
0.2521 
0.2750 
0.0695 
0.0633 
0.0574 
0.n504 
0.0459 
0 .0899 0 . 0 8 9 9 
0.15*9 
0.212B 
0.2496 
0.2755 
0.2947 
0.0799 
0.0709 
0,iO624 
0.0551 
0.0491 
à./ 7 
7 : 9 9 
7.24 
6.35 
5.78 
12.55 
11.13 
9.87 
8 . 6 9 
7 . 7 
6 .84 
17.5 
. X65 
25.8 
9.17 
13.3 
17 .5 
21 .65 
2 5 . 8 
17.62 
15.15 
14.1 
12 .63 
2 0 . 7 5 
18 .05 
15 .4 
13.75 
12.1 
10 .79 
21 60 
71 .7' 
21 . 90 
19.95 
18.1 
15.87 
14.43 
31 .4 
2 7 . 8 
2 4 . 6 5 
21.7 
19.25 
17 .10 
l 
T a b l e 6 . 8 
Average mass transfer coefficient as function —¡­ in non established turbulent helium flow with a bellmouth entrance in a 0.36 cm diameter channe 
k 
c 
k 
cx D 
κ 
d 
Re 
Sc 
G 
Test 
N o . 
576 
577 
578 
579 
5 IO 
Í81 
582 
583 
584 
585 
586 
587 
588 
589 
590 
Average mass transfer coeff icient over the whole length of the 
Average mass transfer coeff icient from inlet up to d stance χ 
Diffusion coeff icient of oxygen in helium at 20 ats 
Distance from entrance to end of sample 
Internal diameter of sample 
Reynolds Number , 
~3~ 
Schmid t N u m b e r Sc = 1 . 7 4 Sc 
Mass f l o w 
Init ial 
Impurity 
Graphite 
Τ s 
vpm 
58 
60 
54.5 
61 
68 
67 
55 
58 
58 
52 
53 
55 
63 
66 
°C 
952 
952 
952 
953 
950 
950 
953 
950 
950 
951 
951 
948 
948 
951 
953 
Gas 
Τ o 
°C 
304 
Gas 
°C 
526 
529 
529 
529 
518 
518 
523 
515 
515 
523 
522 
516 
517 
529 
533 
Gas 
Τ m 
°C 
413 
1.202 
π ·1θ"5 
Πτι 
­1 ­1 
g· cm 5 
36.2 
sampie 
Flow 
G 
­1 
g­s 
1.2 
cm/s 
c m/s 
2 cm / s 
cm 
0.36 cm 
S S 
Re χ 
11,720 2.5 
2.5 
2.5 
2.5 
4 .0 
4 .0 
4 . 0 
5.5 
5.5 
7 .0 
7 .0 
8.5 
8.5 
10.0 
10.0 
D 
2 ­1 cm s 
0.148 
Properties 
Constant 
k ­ = cx > 
cps 
C0o ­KTO ζ 
0.0473 
0.0925 
0.0904 
0.0982 
0.0901 
0.0986 
0.0865 
0.0680 
0.0703 
0.0671 
0.0590 
0.0388 
0.0449 
0.0291 
evaluatec 
4.73 
0.3884 
X Γ ^ 
0 
Meo n 
cps 
CO +C0 
0.0937 
0.0917 
0V0691 
0.0630 
0.0418 
at bulk tem 
• 11 
• 1.5 
Meon 
k c 
­1 cm s 
4 .73 
cerature 
χ 
\ cps 
o 
0.0937 
0.1854 
0.2545 
0.3175 
0.3593 
0.3884 
Τ 
Τ = ° 
m 
χ 1 
\ BELI 
Ζ- η Ι 
• 
0.0937 
0.0927 
0.0848 
0.0794 
0.0719 
0.0647 
+ TL 
2 
k _ cx 
8.35 
8.27 
7.57 
7 .10 
6.42 
5.77 
k _ d cx 
D 
20.03 
20.01 
18.4 
17.25 
15.61 
14.02 
χ 
d 
6.95 
11.1 
15.3 
19.45 
23.3 
27 .8 
T a b l e 6 . 9 ' 
Average mass transfer coeff icient as function of —r in established turbulent nitrogen f low wi th a sharp edge entranço 0.36 cm diameter channel 
kx 
c 
k ­
cx D 
L 
d 
Re 
Sc 
G 
Test 
N o . 
620 
621 
622 
623 
625 
627 
629 
631 
633 
634 
636 
624 
626 
628 
630 
632 
635 
637 
Average mass transfer coeff ic ient over the whole length of the sample 
Average mass transfer coeff ic ient from inlet up to a distance χ 
Diffusion coeff icient of oxygen in nitrogen at 20 ahri 
LenghS of sample 
Infernal diameter of sample 
Reynolds Number relat ive to d 
Schmidt Number 
Mass f low 
Ini t ial 
Impurity 
vpm 
38.5 
42 
37 
38 
40 
41 
42 
41 
36 
45 
49 
38 
38 
42 
37 
38.5 
38 
50 
Graphite 
Τ s 
°C 
951 
953 
951 
952 
949 
952 
950 
951 
950 
950 
951 
953 
952 
953 
952 
950 
952 
949 
Gas 
Τ o 
°C 
374 
390 
1 
Gas 
TL 
°C 
594 
598 
Gas 
Τ m 
°C 
484 
494 
­n 
g cm s 
33.7 
34.0 
Flow 
G 
­1 
12.55 
7 .9 
cm/s 
cm/s 
2, c m / s 
10 cm 
0.36 cm 
Sc = 0.528 
g / » 
Re · IO3 
132 
82.1 
χ 
1.8 
1.8 
1.8 
1­8 
3 .3 
4 .8 
4 . 3 
7 .8 
9.3 
9.3 
10.8 
1.8 
3.3 
4 .8 
6.3 
7.8 
9 .3 
10.8 
D 
2 ­1 cm s 
0.072 
0.074 
Flew 
k _ cx 
ι 12.55 a/% Constant = , ' ■ ­ 7 — ι ­
X 
= constant χ ~\ cps 
Flow 7 . 9 g/s ­ Constant ­ 3 ]6¿ . , 5 
τ + τ, 
Properties evaluated at bulk temperature Τ = — 
m 
cps 
CO2­K:O 
0.471 
0.686 
0.54ft 
0.511 
0.521 
0.460 
0.306 
0.246 
0.129 
0.633 
0.675 
0.560 
0.567 
0.335 
0.222 
0.174 
Mean 
cps 
CO + CO 
0.686 
0.584 
0.511 
0.521 
0.460 
IJ.276 
0.129 
Mean 
kZ 
c 
­1 
cm s 
5.06 
4.07 
uik can 
/ cps 
o 
0.686 
t . 2 7 0 
1.781 
2.302 
2.762 
3.038 
3.167 
0.633 
1.308 
1.868 
2.435 
2.770 
2,992 
3.166 
χ y_çpL 
Ζ— η 
0 
0.686 
0.635 
0.594 
0.575 
0.552 
0.506 
0.452 
0.633 
0.654 
0.623 
0.6Ο9 
0.554 
0.498 
0.452 
Ο L 
2 
k o­cx 
8,03 
7.43 
6.94 
6.72 
6.56 
5.23 
5.28 
5.96 
6.16 
5.87 
5.74 
5.21 
4.69 
4.37 
ι 
c5? 
D 
40.15 
37.2 
34.7 
33.6 
32.8 
29.7 
26.4 
29 
29.98 
28.57 
27.9 
25.35 
22.8 
21.2 
x 
d 
5 
93,17 
13.3 
1 7 . 5 : 
2J.65 
25.8 
30.3 
5 
9.17 
13.3 
17.5 
21.65 
23.8 
30.3 
T a b l e 6.10 
Cases under w h i c h mass transfer has been measured 
Case 
1 
II 
III 
IV 
V 
V I 
V I I 
V I I I 
IX 
Table 
and 
Fig. 
Ó.1 
6.2 
6.3 
6.4 
6.5 
6.6 
6.7 
6 .8 
6 .9 
Reg 
Lam 
X 
X 
X 
X 
ime Type of entrance Geometry 
Tur 
X 
X 
X 
X 
X 
X 
Long ¡ sharp 
calm. 
X 
X 
X 
edge 
X 
short 
calm. 
X 
sharp 
edge 
c'1 
X 
X 
X 
X 
bel Imoth 
c14 
χ 
ι— 
Carrier Variables 
Gas 
He 
χ 
χ 
χ 
χ 
χ 
χ 
χ 
Ν 2 
χ 
χ 
G 
χ 
χ 
χ 
χ 
χ 
χ τ 
χ 
χ 
χ 
χ 
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E R R A T A 
page 
10 
14 
l ine 
15 
16 
17 
18 
37 
17 
5 
3 
6 
11 
5 
40 
43 
44 
45 
46 
47 
5 
4 ,5 
11 
21 
15 
27 
16 
3 
14 
read 
( R e = 1382) 
formulae 
eddy kinetic viscosity 
, 2 
cm / s 
k 
cx 
k _ 
c x 
3 / 
cm / s 
cup-mixing 
fraction 
n 
v*=-
_, C . V . 
n r 
i = 1 
ΓΑ + rB) 
4 , 7 , 1 1 , 2 4 
1,8,24,28 
.. a thin f i lm boundary layer.. 
formulae 
disregarded 
.. Definition of the Laminar 
Boundary Layer „ . 
laminar boundary layer equations 
„ „ integral momentum equations 
instead of 
(Re = 138) 
formula 
eddy kinetic 
Ρ?* 
c m / s 
ex 
ex 
3 
cm ' / 
cu -mixing 
function 
n 
»r C. . v. 
v*= -±Zl 
Σ S 
ι - η 
( r A + rB) / 2 
oo a thin boundary layer 
formula 
2£ + 
et ** 
desregarded 
o « Definition of the Boundary Layer 
boundary layer equations 
o » momentum equations 
­ 1 8 fi ­
page line read instead of 
47 
49 
52 
9,19 
53 
54 
55 
57 
58 
59 
69 
­the flow of momentum or 
­the rate of change of momentum 
13,15,16,17 lumps 
12 
13 
1,2,6,1V 
14 
10 
12 
23 
20 
21 
5 
21 
2 
12 
16 
22 
24 
7 
11 
randomly 
fi lm boundary layer 
_ 2" 
/ ^ u ^ M l + a (Sc­1.) ) 
in the laminar sub­layer 
» o zone 5 «Cy ¿C 30 
E tfb 
"D 
Dimensional Analysis Method 
o « the integral momentum equation 
u , 3 y i / o / y Λ 3 τ°τ Ψ 
280 ' °° ■ fe" Î ^ Τ 
P-u 
f_ = 
χ 
o „646 
if Ke 
u=0.0228-P.„^fc¿Lr)'/2.y 
­ η ­57Λ ° ° 8 / * Ρ ·2 ,. ­0o37ó«x . ( ­ * ­ ) + Const» 
' β β 
M^7f R °u m »C j ; i ­ 0o820e~ m o X +. 
m / 3
2 D 
R2.„ 
m 
­the change of momentum 
edcies 
ranomly 
boundary layer 
= —δ,. 
Ρ­ υ (1 +a (Sc ­ 1 ) ) 
in the suplaminar layer 
o » zone 5 ­cy ­«c^ 30 
ED 
Methods of Similarity 
II 
„ „ the momentum equation 
iL = JL . X _ V0 fy_¿ 
Uoo 2 ° S 2 (-fr 
280 ' · ~ J Í ­ Ζ J" 
χ = f 
p u " 
f _0o646 
χ Re 
S ¿ y y 
u = 0 o 0 2 2 a P . ­ u ~ ­ ^ ) 1 / 4 o y u b ^ ò 
= 0 o 3 7 6 „ x ° » 8 o ( J ^ ° » 2 5 + Const» 
Uoo 
/V\=7/.r2»u =C f l ­ 0o820e" m o X +, ' m «5 
m ­fc­n D 
r ­υ m 
Dage ime 
15 
17 
; 21 
7 17 
27 
read 
C 
ma Ύτ 2 
1 <■ r / r=o 
c =A=_1_ fR 
m Q Q y r = 0 
c n LÎA D ] / 2 r 1/3 . d .1 /2 Si­ = 0o664­Re »Se °(—) 
» „ the gas near the w a l l and 
the bulk » « 
k o s Ρ d Ζ _ _¿ exp° m qo . _, 
d T ^ G / °θ \ 7~ j 
o r n o 
instead of 
C 
C 
mo ­w. , 2 / 
TC d / ι = o 
m Q 07 Λ = ι 
Sr=­0o0664 Re ^ » Sc1 ^ ­ d 1 ^ 
the gas near and the bulk 
1/2 
k Ρ 
dZ . exp« s m 4 qo d t . 
dt Ύ + θ V 
m c 
) - ζ 
: ig,~Noc 
Ì.3 
3.7 
read instead of 
• 1 and · 4 on the ord inate scale 
C in abscissa 
k = 1.25 c m/s 
c 
ex tend the logar i thmic scale in 
o rd ina te - Temp, test 950 C 
abscissa ( / d ) 
an d 4 
k = 1.25 c m 
c 
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Answer to the questions and remarks raised by the commision of 
professors of the Brussels university during the private defence of 
the thesis 
Page 21 - 24; A new list of references is prepared. 
Page 28: The difference between k _ and k as defined in page 28 is: 
C A C 
k is used to indicate the average mass transfer coeff icient from the 
ex 
inlet of the sample up to a point distant of χ from the in let , 
k is used instead of k and indicates the averaqe mass transfer 
c cL 
coeff icient over the whole length of the sample. 
Page 33: Defini t ion of Deff s the effective diffusion coefficient in the pores. The 
diffusion of a substance in a porous material may proceed following different 
mechanisms: 
bulk diffusion in the large pores, 
molecular diffusion (Knudsen flow) where the diamter is smaller than 
the mean free path of the gaseous molecules, 
laminar flow of the "Poiseuil le" type, if a pressure gradient is added 
to the concentration gradient. 
Moreover in some cases physisorpfion of the diffusing substances on the porous 
material may also interfer with the diffusion process. The Deff to be used in 
equation (2.4) is a diffusion coeff icient which takes into account al l those 
effects. In practice the Deff must be experimentally determined for each case. 
Pages 43 ,45 , The use of the term "boundary layer" instead of " f i lm boundary layer" or 
—'- '- — "laminar sub-layer" as it is sometime done for the flow in pipes may lead to 
some confusion. The appropriate precision has been indicated in the ERRATA! 
Page 47: The momentum equation (2.42) is the integral equation of von Karman. It is 
recommended to use the terminology "Integral momentum equation" instead of 
"Momentum equation" although this terminology is used in the literature [ i j 
f~2~i . Moreover the term "change of momentum" used in the text should in 
fact be read "rate of change of momentum". 
90 
Page 49: It is recommended to use the term "lumps" instead of the term "eddies". This 
terminology was taken from reference [ßj . 
Page 52; It was questioned why in equation (2.55) 
Sr k _ Τ ^ _ _ _ ^ _ _ 
Re­Sc uw ' p . U(2 s rj +a(Sc ­ TJ~ 
c 
only the ratio a = — I — was introduced and not the ratio b = - ^ 1 — 
The presence of the term Sc takes into account the proportionality between 
velocity boundary layer properties and the concentration boundary layer 
properties. 
Pages 54,55: The term "Methods of similarity" used to express various methods including the 
"Dimensional analysis" although used by Jakob [4j may be misleading. The 
appropriate modification to the text is being given in the ERRATA. 
Page 55 last paragraph should for more precision read as followss 
In the "Dimensional analysis method" (Raleighs method), it is assumed that the 
relation between the different physical quantities can be expressed in the form 
of sums of power functions. Generally one term is used. For instance 
06 β ί 
Qr = C - Q l - Q 2 - Q 3 . . . . 
where C is a dimensionless constant, Q . , Q „ , Q are quantities upon which 
Q is supposed to depend and eL · (=> · Χ a r e constant exponents. The method 
consists of converting this equation in an equation of dimensionless groups G . , 
G R , G . . . of the form 
G * = A · G ; · GB · GC 
If the constants A, a, b, c are found by experiments for one set of groups G . , 
G ß / G ç . . . they are supposed to be valid for any other sets with arbitrary 
values G A , Gg, G . . . 
The selection of the dimensional grouping is dictated by the physical criteria 
and tradition. For the determination of the local mass transfer coefficient the 
following dimensionless grouping is generally used 
Sr = A - R e a ' S c b · ( - ^ m - ) C · f ( * ) · f G r 
μ-, d 
a 2 u Page_57_: "The relation (4-γ) = 0 (2.37) derived from the boundary layer equation 
y 3 
for y ­ o " is correct. The conclusion that (­5—) = est is wrong and this 3 y y = 0 
sentence should be deleted. 
Pages 66,71 : For the establishment of equation (2.116) which deals with an established 
veloc i ty profi le Latzko started from Prandtl s and von Karmans equations on 
shearing stress, veloci ty distribution in turbulent f low, and turbulent conduct i ­
v i ty E „ which includes the effect of turbulent mixing movements. For the 
establishment of equation 2.111 and 2.133 which deal with non established ve­
loc i ty and concentration profi le Latzko derived expressions for the velocity and 
temperature distribution in the stabilisation length of the tube, based on the 
boundary­layer concept. 
Consequently from the flow model point of view the hypothesis used by Latzko 
are correct. The main remark which could be made is that in its hypothesis 
implied that P r = l . or Sc = l in our case; which fact explains the non agreement 
of equation (2.116) with measured values in He where Sc = 1.7. 
Page 69: The expression for the integrated mass transfer up to a distance χ of the entrance 
A 2 D 
as wel l as the terms m = ■»—n­s — ^ — should be written for r = R. Be­
n λ λ R · υ m 
cause in the solution of differential equation (2.114) the terms β are deter­
mined by using the boundary conditions for r = R, and moreover the value of M 
is determined by using the cup­mixing concentration across the whole section. 
Pages 73,75: The last paragraph of page 75 is a repetition of the last paragraph of page 73. 
The last paragraph of page 75 should be reduced to ­ " ( ­ ^ m ­ ) is intro­
^ s 
duced to take into account the large temperature gradient which exists be­
tween the wal l and the gas". 
Page 106: Four Zones have been distinguished for the analysis of the results, based on 
the fol lowing cr i ter ia : 
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- calculated thickness of velocity boundary layer in the stabil isation length 
- Re which should indicate if the flow had become turbulent or not in the 
χ 
stabilisation lenght. 
Two equations which should theoretically be applicable in the zone A and 
zone C so defined are presented. 
In the Fig. 6.5 the theoretical lines drawn from these theoretical equations are 
compared to the experimental results. The f i t of these lines to these exper i ­
mental points is far from being perfect. However these equations give lines 
which are nearer to the experimental points that any other theoretical or semi-
empirical expression available for the Re ranges 
Re < 1.500 
2.730 < Re *c 9.200 
The printed text on page 107 should be corrected and the sentence 
" . . . but it should be observed that the four zones predicted 
theoretically can be seen and . . . " 
should be deleted. 
The questions related to Fig. 3 .7 , Fig. 3.1 and the tables 6 are answered in 
the answer to the written questions of Mr. le Professeur Decroly, here attached. 
- i y:-i -
Réponse aux questions écrites de Mr. le professeur Decroly 
relatives aux Fig. 3 .7 , Fig. 3 . 1 , et tableaux 6 
Question n o . l : relat ive à la Fig. 3 .7 
l a : F ig. 3 .7 L'échelle des ordonne'es de la f i g . 3.7 est une échelle logarithmique dont 
le dessinateur n'a malheureusement reproduit que la première décade 
- La temperature de l'essai no. 247 representé a f i g . 3 .7 était de 950 C. 
l b : Mécanisme de formation de l'oxyde de carbone 
Pour répondre à cette question ¡'aimerais reproduire textuellement un extrait 
de l'exposé général de Mr. le professeur Duval (Faculte des Sciences de 
Nancy) a la 10me réunion de la Société de Chimie Physique "Juin 1960"-|_5j 
Alors qu'au-dessus de 1000 C (et sous basse pression tout au moins) le 
produit de la réaction est seulement du C O , il apparaît du CO_ en quantités 
de plus en plus grandes au fur et à mesure que l'on abaisse la température 
au-dessous de 1000 C. On a discuté depuis longtemps pour savoir si le C 0 2 
obtenu dans ces conditions provenait d'une oxydation secondaire du C O , mais 
i l est généralement admis actuellement que les deux gaz sont des produits 
primaires de la réact ion. D'ailleurs la décomposition sous vide des oxydes de 
surface donne des rapports C O / C 0 2 comparables à ceux obtenus dans la 
combustion. 
Le rapport C O / C O . présente avec l'élévation de température une augmentation 
régulière dont ROSSBERG et BONNETAIN [ó] ont déterminé des coefficients 
thermiques compris entre 10 et 18 Kcal environ, variables avec les graphites. 
La valeur du rapport C O / C 0 2 et ses variations sont d'un intérêt fondamental 
dans les tentatives d'élucidation du mécanisme de la réact ion. Les recherches 
les plus détaillées dans cette direction ont été effectuées par BONNETAIN, 
mais ses observations sont malheureusement trop complexes pour être rapportées 
et discutées i c i . Elles montrent qu'on ne doit pas considérer les vaporisations 
de CO et de C 0 2 comme des actes élémentaires indépendants. Les probabilités 
pour un atome de carbone superficiel d'être vaporisé soit à l'état de C O , soit 
de CO , doivent dépendre du degré d'oxydation d'un ensemble d'atomes de 
carbone et d'oxygène chimisorbé. Les interactions peuvent être rendues 
possibles soit simplement par suite d'une migration superficiel le de 
l'oxygène chimisorbé, soit indirectement par l'intermédiaire d'influence 
électroniques à travers le réseau." 
Le phénomène général décrit par Mr. DUVAL a été observé dans nos 
experiences c . a . d ; pour une graphite de qualité déterminée le rapport des 
produits de réaction C O / C O croît à température croissante. D'autre part il 
semble que ce rapport dépende, à une température donnée, du type de graphirs 
ut i l isé. Nous pouvons en outre signaler les references suivantes L7_, [_8j . 
Il faut d'autre part faire remarquer que nos equations (3 .1) , (3 .2) , (3.6) pour 
le calcul du transfer d O „ à la surface de réact ion, sont rendues independentes 
du mécanisme de production de CO et de C O - par l 'uti l isation de Y fraction 
molaire de produits de réaction sous la forme CO + 2 CO . 
le ; Maximum de la réaction 0 _ graphite 
Indépendamment du mécanisme de formation de CO et de CO nos experiences 
effectuées ¡us-qura 1000 C à la pression atmosphérique (grand coeff ic ient de 
diffusion) et sous vide par DUVAL et STRICKLAND-CONSTABLE ont montré 
que la réaction chimique (O« - C) croît ¡us-qu'a des températures supérieures 
à 1700°C. 
Question no .2 : relative à la figure 3.1 
2a: La qualité du graphite 1 a été imprégnée à l'alcool furfuri lyque qui est 
ensuite carbonise dans les pores par un traitement thermique à haute température. 
L'objectif de l'imprégnation était d'obtenir un graphite impermeable aux produits 
de fission. 
Le graphite de qualité 3 contient les même matériaux de base que le graphite 
de qualité 1, mais la graphitisation s'effectue dans un four dont l'atmosphère 
contient du fluor pour le purifier de ces impuretés métall iques. Le tableau (1) 
c i - jo in t donne une ideé de l 'efficacité de la puri f icat ion 0 Le fai t de ne 
présenter que des échantillons du type 1 imprégnés, et du type 3 non imprégnés, 
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peut fa i re c ro i re que la d i f fé rence de reac t i v i t é resulte du fa i t de 
I impregnat iono Mais dJautres essais qui^ne sont pas mentionés dans la 
thèse ind iquen t que la d i f fé rence de reac t i v i t é est essent iel lement due 
a la cata lyse indu i te par les impuretés. Ces résultats peuvent d a i l leurs 
ê t re comparés a des résultats s imi la i res obtenus par le professeur WALKER, [ 9 ] 
Reference peut également êt re fa i te aux figures c i - j o i n t e s . F ig . 1 and 
Fig. 2 
2 b : Possib i l i té d i n f l uence le ca lcu l des taux de réac t ion par la réact ion parasite 
C Q 2 + C 2 C O 
- les f i g . 3 . 6 et 3»9 montrent quJa 950 C le taux de réact ion du C O avec 
le g raph i te est au moins un ordre de grandeur plus pe t i t que le plus pe t i t taux 
de transfert de masse de O mesuré et compte tenu de la fa ib le teneur en C O 
du gas, nous avons consideré que ces réact ions parasites sont nég l igeab les : 
f a i t qui a été conf i rmé par des essais de p réca l l i b ra t i on „ 
- D'autre part les ca lcu ls ne t iennent compte que du nombre de molecules O 
qui on t reag i avec le graph i te que l les soient sous forme de C O ou de C O 
n ' in f luence guère l 'exact i tude des ca lcu ls de transfert de masse de 0 „ „ 
Quest ion n o , 3 r e | a t ¡ V e aux tab leaux 6 . 
3a : Les teneurs i n i t i a les des impuretés indiquées dans les tab leux ó est uniquement 
de l ' oxygène , 
3bs Les impuretés sont présentées en "vo lume par m i l l i o n " dans les tab leaux car 
cette valeur é t a i t d i rec tement lue aux instruments. Les equations qui furent 
utilisées pour le ca l cu l des taux de react ion convert issent ces f ract ions 
molaires en concen t ra t ion absolues en tenant compte de la pression P^ et 
température T ex is tant au po in t de r é a c t i o n . Voir equations ( 3 . 1 ) , ( 3 „2 ) , 
m 
(3o6)o 
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Table (1) 
Typical Impurities present in the 
Graphite Investigated 
Grade-0 Grade-1 Grade-3 
Ash 
Β 
Cd 
CI 
Cu 
Fe 
Al 
Ba 
Be 
Bi 
Ca 
Cr 
Co 
In 
Pb 
Li 
Mg 
Mn 
Mo 
Ni 
Si 
Na 
Sr 
Sn 
Ti 
W 
V 
Zn 
200-320 
Oo17-02 
0.04 
2 
0.7-0o9 
5-7 
2-4 
3-4 
0.05 
0.25 
60-80 
0.1-0.5 
0.05 
0.15 
0.15-0.30 
0.15-0.20 
0.1-0.7 
0.3 
0.25 
0.7-2.0 
50-70 
0.5-2o5 
1.0-2.0 
0.15 
1.5-4.0 
0.4 
20-40 
0.4 
200-280 
1.0-2.3 
250-370 
2-12.2 
-
1.5-4.2 
70-150 
7-30 
0.8-2.0 
0.05 
0.25 
40-80 
0.3-0.8 
0.1 
0.15 
0.1-0.3 
0.15 
0.3-1.0 
0.25-1.0 
0.05-0.15 
1.0-1.5 
5-50 
2.0-6.0 
0.5 
0.05-0.50 
2.5-7.0 
0.4 
15-20 
0.5 
2 
0.9-1.0 
6-15 
0.5-0.7 
2-4 
0.04 
0.2 
50-70 
0.7-1.0 
0.04 
0.15 
0.07-0.15 
-
0.25-1.0 
0.04 
0.3 
5-10 
30-50 
1.5-2.0 
0.4-2.0 
0.06 
20-30 
0.3 
40-50 
0.3 
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FIG. 1 EFFECT OF DIFFERENT METAL CATALYSTS ON 
OXIDATION OF GRADE 9 GRAPHITE 
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